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In order to explore the monitoring and control method of rock slope, indoor physical model testing of collapse control and monitoring
were carried out with the example of a rock slope collapse area project in Jietai Temple in Beijing, China, as the prototype. Based on the
similarity theory, in this study, a new structural support with Negative Poisson’s Ratio bolt and flexible anchored net was utilized to
reinforce the rock slope. Following a graded loading sequence, the collapse failure characteristics and the overall control effect of energy
absorption reinforcement measures were explored. The experimental results demonstrated that the entire process of slope collapse
presented four distinct stages of failure: fracture generation, fracture propagation, partial collapse, and overall collapse. The full-field
displacement nephogram and the displacement monitoring point of the collapse area indicated that the large deformation and failure of
the collapsed surrounding rock were effectively controlled, while the Negative Poisson’s Ratio bolt and the flexible anchored net had
good reinforcement effects. The experimental stress record presented that the change of pressure curve was an apparent regularity in the
entire process of slope collapse, which reflects the change state of internal force of surrounding rock; it includes the function of
monitoring of slope collapse. It was indicated that the Negative Poisson’s Ratio bolt along with the large-deformation flexible anchored
net had good reinforcement monitoring effect on the rock slope collapse disaster.

1. Introduction

Under the effects of rainfall, earthquake, and weathering, the
strength of rock mass becomes weak, causing the engi-
neering collapse [1-4], which was extremely destructive and
with high potential for dangers of tunnel, roadway, and slope
[5-9]. The failure of rock slope with multijoints was a kind of
prominent geological hazards; its failure mode is compli-
cated, and the treatment is difficult [10-12]. At present, the
treatment measures were mainly based on the traditional
support methods such as anchorage. Its resistance to slope
mass large deformation and anti-impact were poor. Its
deficiency was a major scientific problem limiting the on-site
safety of the slope. Therefore, it is necessary to conduct in-
depth research.

Currently, most of the research studies on slope collapse
were on site. Harry used reinforced piles to increase slope

stability [13]. Shi et al. utilized prestressed cable bolt and
concrete frame to reinforce the collapse of steep-high slope
of hydropower station [14]. Dong et al. researched the
collapse of high cutting slope with horizontal soft-hard
alternant strata and adopted anchorage, bolt-shotcrete for
reinforcement [15]. Lin et al. researched reinforcement
measures for the high and steep slope with weak rock mass
structures with a rock bolt and long anchor reinforcement
measures [16]. The treatment method of slope collapse was
mainly based on bolt and bolt-shotcrete support; its ma-
terials are all common rebar. It has the low deformation
characteristics which are difficult to meet the safety re-
quirements of slope treatment. He et al. [17-20] developed a
new type of structural bolt; it was used in roadway and slope
reinforcement and has achieved good results. The structural
bolt called “Negative Poisson’s Ratio bolt (NPR bolt)” has
ultra-high-energy-absorbing capacity by deforming with an
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extraordinarily large elongation at high constant resistance
[21]. To sum up, it was found that most of the control and
treatment of slope collapse were carried out in the order of
pretreatment, emergence, and retreatment. At present, the
main indoor research method was physical model test; it has
the strong intuitive characteristics, and the qualitative or
quantitative analysis that is applied to the rock slope stability
analysis [22-25]. Friedmann et al. studied the physical be-
havior of rock debris flow after collapse by model experi-
ment [26]. Alzo’ubi et al. studied the effect of tensile strength
on the toppling failures of the rock collapse by centrifuge test
[27]. Bourrier et al. compared and analyzed the rebound
model of the rock collapse by simulation test [28]. By means
of shaking table tests associated with numerical analyses, Li
et al. discussed the effect of seismic wave on response of
jointed antidip rock slopes [29]. At present, the physical
model test mainly studied the failure mechanism of the
collapse, but there was no in-depth study on the collapse
support.

This paper takes Jietai Temple in Beijing, China, as the
research object. Aiming at the problem of slope collapse, the
paper proposes a support method utilizing “NPR
bolt + anchored net.” On the basis of field application, we
carried out the physical model test, the deformation char-
acteristics were studied under the condition of the new
support system, and the improved supporting measures and
monitoring methods were put forward, which provided a
theoretical reference for the comprehensive prevention and
control of the multijoint slope.

2. Geological Settings

The geological structure around Jietai Temple in Mentougou,
Beijing, China, is complex and rich in minerals, such as clay
and limestone. Especially in the last ten years, with the ap-
plication of modern mining tools, the disturbance of large-scale
mining activities to mountain was further intensified, which led
to rock mass loosening, local goaf collapses, and cracks.

As shown in Figure 1, Jietai Temple was located at the
northern foot of Ma’an Mountain in the southwestern
mountainous area of Beijing. Its front was a ridge with a
north-south direction, located in the transition zone in-
between middle-low mountain and plain, while belonging to
the low mountain denudation geomorphic unit. The
southern Ma’anshan Mountains were generally nearly east-
west, slightly inverse “S” curve, and the ridges were low
towards the east and high towards the west. According to
regional geological data analysis, the average elevation of the
collapse mass was about 46 m, the slope direction is 254°, the
slope is about 80°, and the width is about 52 m.

As shown in Figure 2, the upper lithology of the slope area
was sandy shale, which belonged to soft rock, with joint fissures
in rock mass and thick weathering layer. The range of dan-
gerous rock mass was mainly concentrated on the steep slope
surface, with a thickness of approximately 1 m. The slope rock
mass structure was unstable and the structural plane was
developed. These structural planes cut the rock mass into lump
structures, and there were local rock collapses and fell blocks.
The lower part was sandstone, with dense and hard
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medium-thick layers, which could be utilized as a stable bearing
layer; the lithology of the collapse area was mainly sandy shale.

This geological section reflects the typical characteristics
of the surrounding rock of the slope in the area around Jietai
Temple. The surrounding rock has obvious joint fissures, and
the slope is in an unstable state with potential danger of
collapse. The construction and design of the model test can
better simulate the structural characteristics of the sur-
rounding rock of the slope and greatly enhance the au-
thenticity of the physical model test, which is of
representative significance for the study of the slope collapse
support in the Jietai Temple area.

3. Model Test
3.1. Model Design

3.1.1. Test Device. In this experiment, the geological conditions
of rocky slope surrounding Jietai Temple in Mentougou, Beijing,
were taken as the research background, while the plane stress
loading model experimental device of the State Key Laboratory
for Geomechanics and Deep Underground Engineering, China
University of Mining and Technology-Beijing, was adopted. As
presented in Figure 3, the experimental system consisted of main
parts, such as main engine structure and hydraulic control
platform. The framework size was 3310 mm x 970 mm X
3010 mm, which could accommodate the physical model size of
1600 mm x 400 mm X% 1600 mm. Six groups of hydraulic jacks
were distributed within each boundary direction. Each hydraulic
jack could be pressurized separately. The loading range of
modeling the hydraulic cylinder is 0-5 MPa, realizing step-by-
step loading of the physical model working face.

3.1.2. Similar Design. The section size of the site collapse was
as follows: length x height = 52 m x 46 m; combining the size
of the site collapse and the experimental model, the geo-
metric similarity ratio of the model experiment was finally
determined [30, 31]:

C, =-L£ =30, (1)

where L, are the geometric parameters of the prototype and
L, are the geometric parameters of the model. The similarity
ratio of the bulk density was determined through indoor
proportioning tests:

Yp
C,=—+=1, (2)
" Ym

where y, is the bulk density of the prototype; y,, is the bulk
density of the model. Therefore, the stress similarity ratio
was finally determined as

C,=C,C, = 30,
C.=C;=C,=1, (3)
CE = CO’ = 30,

where C, is the similarity ratio of strain, C is the similarity
ratio of friction coefficient, C, is the similarity ratio of
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FIGURE 2: Site slope and model diagram of Jietai Temple.

Poisson’s ratio, and Cy is the similarity ratio of elastic
modulus.

3.1.3. Slope Model Construction. As presented in Figure 4, the
rock strata in the model were laid out by unit plates made of
water, gypsum powder, fine river sand, and barite powder. The
similar materials mechanics parameters meet the requirements
through laboratory rock mechanics experiments, and there
were slight differences that could be ignored; the mechanical
parameters were presented in Table 1.

As presented in Figure 5, the range of dangerous rock
mass was mainly concentrated on the steep slope surface.
Combining the actual geological conditions in the field, the
structural surface and secondary fracture surface of rock
layers were simulated through using the layering of unit
plates made of similar materials to restore the real structure
of the slope rock. The weak structural plane between each
layer of unit plates could be regarded as bedding in the rock
mass, and the vertical crack between unit plates could be
regarded as joint fissure in the rock mass. The small-size unit
plate was utilized to build slope model to simulate the joint-
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FIGURE 4: Physical model test diagram: (a) lateral view; (b) model geometry.

intensive area in the slope fractured rock mass zone; the  vertical pressure o, = 0.6 MPa were applied to the entire
width of the zone was 60 mm. model. The entire process lasted 100 minutes in five stages.
The experimental loading steps are presented in Figure 6(c).

3.1.4. Load Design. In the first stage, as presented in

Figure 6(a), the horizontal pressure o, = 0.2MPa and the 3 5 Reinforcement Design

vertical pressure o, = 0.2 MPa were applied to the entire

model, while the pressure remained unchanged for 20  3.2.1. NPR Bolt and Its Reinforcing Principle

minutes subsequently to preloading. In the second stage, as

presented in Figure 6(b), the top of the model was con- (I) NPR Bolt Structure. Figure 7 presents the NPR bolt,
tinuously loaded step by step, with 0.1 MPa as the loading  consisting of a constant cone, a sleeve pipe, a shank rod, a
step, and the horizontal pressure on both sides remained  bearing plate, and a tightening nut [32, 33]. The larger end
unchanged. Finally, horizontal pressure o, = 0.2MPa and  diameter of the cone was slightly bigger than the inner
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TaBLE 1: Physical and mechanical parameters of rock mass and model materials.
Litholo Bulk density UCS  Tensile strength Elastic modulus Internal friction = Cohesion  Poisson’s
gy (kN/m>) (MPa) (MPa) (GPa) angle () (MPa) ratio
Prototype 25.2 18.6 0.86 18.8 35 9.62 0.19
Sandy Model 25.9 0.68 0.03 0.6 32 0.34 0.14
shale Similarity 1 27 29 31 1 28 1
ratio
Prototype 26.5 23.8 1.13 25.4 38 12.14 0.26
Model 27.1 0.81 0.04 0.85 34 0.42 0.23
Sandstone Similarit
ity 1 29 28 30 1 29 1
ratio

Simulated slope

Weak structural plane

Joint fissure

Joint fissure ) .
intensive area

FIGURE 5: Joint fissure simulation diagram of slope model.

diameter of the sleeve pipe. When the cone and the sleeve
pipe slip were relative to each other, the frictional resistance
(such as the working resistance of the bolt) was generated.
The inner surface of the sleeve pipe was screw thread
structure, which increased friction along with the cone.
When the axial external load (tension) acted in the opposite
direction to the anchored end on the working bearing plate,
the sleeve pipe displacement was relative to the cone, while
the NPR bolt was extended as a whole.

(2) Working Principle of NPR Bolt. Figure 8 presents the NPR
static stretch diagram. Its working was divided into three
stages. In the elastic deformation stage, when the defor-
mation energy of surrounding rock was low and the axial
force applied on the shank rod was lower than the design
constant resistance of bolt, the constant resistance device did
not move. At this time, the bolt relied on the elastic de-
formation of the bolt body material to resist the deformation
and failure of rock mass. The structural deformation stage,
which, with the gradual accumulation of deformation energy
of surrounding rock, the axial force applied on the bolt body
was higher than or equal to the design constant resistance of
the NPR bolt. The cone in the sleeve pipe slid along the inner
wall of the casing; the constant resistance was furnished
during the slip process, relying on the structural deformation

of the constant resistance device to resist the deformation
and failure of rock mass. After the bolt deformation of
material and structure, the deformation of surrounding rock
could be fully released, while the surrounding rock was again
in a relatively stable state. In the destruction stage, the
surrounding rock continued to deform, while the dis-
placement of the NPR bolt constant resistance body con-
tinued to increase beyond its ultimate tensile length; also, the
NPR bolt lost its reinforcing effect.

3.2.2. Model Bolt Design. Due to the large geometric sim-
ilarity, the model NPR bolt design could only satisfy the
similar scale in the length direction, while the dimension of
the cross-sectional direction was satisfied as high as possible
on the basis of satisfying the mechanical similarity char-
acteristics. Therefore, the length of the designed bolt was

L, 1800

Ly, =-2="""
M 30

= 60 mm, 4
I mm (4)

m

where L is the geometric parameter of the prototype; L,, is
the geometric parameter of the model. The mechanical
similarity ratio of anchor bolt in experimental design was

Cr = C]C, = 30° x 1 = 27000, (5)
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FIGURE 6: Loading path of physical model test: (a) first loading stage; (b) last loading stage; (c) hierarchical loading diagram.
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FIGURE 7: Schematic of three-dimensional view of NPR bolt.

where C; is geometric similarity ratio; C, is bulk density

similarity ratio. Therefore, constant resistance could be
obtained as

_ P 160kN _

M= Cp 27000

(6)

>

Due to the model size limitation, if the reinforcement
was carried out according to the calculation results of

similarity ratio, the bolt installation spacing would be too
low. Finally, one bolt was determined to replace six bolts.
This signified that the constant resistance of the bolt in the
design model was

Py =Py x6=6Nx6=36N. (7)

The mechanical parameters of engineering-scale NPR
bolts and model-scale NPR bolts are presented in Table 2.
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FIGURE 8: Static tension diagram of NPR bolt.

TaBLE 2: Physical and mechanical parameters of engineering-scale and model-scale bolts.

Maximum tensile force Minimum tensile force Average value

Bolt type Length (mm) Elongation indicator (mm

yp gth (mm) 8 (mm) (N) N) N)
Engineering-scale NPR bolts 1800 700 17000 150000 160000
Model-scale NPR bolts 135 56 43 33 37

Figure 9 presents the NPR bolt model: (1) was a sleeve
pipe of 8 mm in inner diameter, the external diameter was
10 mm, and the length was 65 mm; (2) was a cone of 4.8 mm
in small end diameter and 8.1 mm in large end diameter. The
diameter of the large end was higher than the inner diameter
of the constant resistance sleeve, while a small hole
mounting rod was left at the top of the cone and the cone was
mounted inside the sleeve pipe to form a constant resistance
device; (3) was a tightening nut, which was installed at the
top of the sleeve pipe, prestressing the NPR bolt; (4) was a
bearing plate to transfer prestressing force; (5) was a shank
rod, for which one end was connected to the top of the cone,
while the other end was anchored to the rock mass. The cone
was pulled by the shank rod to produce friction in the sleeve
pipe as constant resistance. The model NPR bolt was
composed of these five parts. The material of the sleeve,
tightening nut, and bearing plate was resin, made through
3D printing SLA (Stereo Lithography Apparatus) technol-
ogy, which restored the constant resistance reinforcement
characteristics of NPR bolt.

Figure 10 presents the static tension curve of the model
NPR bolt. It could be observed that bolt reinforcement
deformation could be divided into elastic stage, constant
resistance stage, and failure stage. Tensile displacement was
2mm in elastic stage and 55 mm in the constant resistance
stage. The maximum resistance of model bolt was 43 N, for
which the minimum was 33N and the average value was
37N, which was basically the same as the design value of
model bolt.

3.2.3. Reinforcement Monitoring Design. Figure 11 presents
the reinforcement layout design; a total of 8 bolts were
designed to be installed in 5 rows (i.e., rows A, B, C, D, and
E), two bolts were installed in rows A, C, and E, and one bolt

was installed in rows B and D, respectively. The pressure
sensor was installed between the bearing plate and the
tightening nut for whole-course pressure monitoring, while
the anchored net was fixed under the bearing plate. The
pressure sensor could monitor the pressure change of the
bolt in real time.

Figure 12 presents the structure of anchored net; it was
made of spiral iron wire. Its static tensile curve was presented
in Figure 13. The iron of anchored net could bear the
maximum tension of 25N in the deformation stage of its
own structure, while its yield strength was 190 N. When the
collapse failure occurred, the anchored net was forced to
produce tensile deformation, while absorbing the instan-
taneous impact force generated through the collapse mass to
prevent the anchored net from being destroyed; then the
anchored nets were pulled up and deformed. It was extended
as a whole and produced “net pocket” effect to encapsulate
the falling rocks. Also, it could prevent the falling rocks
causing damage.

4. Analysis of Experimental Results

4.1. Failure Process Analysis. Figure 14 presents the stress
record of B1 and C1 pressure sensors for the entire loading
process of the model slope. Due to the pressure generated
after prestressing, it was necessary to reset the pressure
sensor to zero so as to observe the pressure change during
the test.

According to the stress change of the monitoring curve,
the reinforcement could be divided into three stages: the
elastic stage, the constant resistance stage, and the failure
stage. In the elastic stage, no large deformation exists in the
surrounding rock of the slope and the axial force applied on
the bolt body was lower than the constant resistance of the
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FIGURE 9: NPR bolt model: (a) bolt components; (b) NPR bolt assembled.
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FiGure 10: Model NPR bolt static tension curve.

model NPR bolt. The constant resistance device did not slip.
The bolt relied on the elastic deformation of the bolt body
material to resist the deformation and failure of the rock
mass, while the pressure monitoring curve continued to
decline. In the constant resistance stage, with the accu-
mulation of deformation energy of the surrounding rock of
the slope, the surrounding rock displaced, while the axial
force applied on the bolt body was higher than the constant
resistance of the bolt. The constant resistance body in the
constant resistance device slid. After the deformation of the
material and structure of the bolt, the surrounding rock was
again in a relatively stable state, while the pressure moni-
toring curve remained relatively stable for a period of time
subsequently to fluctuation. In the failure stage, as the
surrounding rock continued to deform beyond its ultimate
tensile length, the anchor broke and the pressure monitoring

curve dropped sharply to zero. According to the collapse
process of the experimental model, combined with the stress
of the monitoring curve, the pressure monitoring curve was
divided into five processes, namely, OA, AB, BC, CD, and
DE.

The curves AB and BC correspond to the elastic phase of
the model NPR bolt. The pressure curve continued to de-
scend and then remained relatively stable, but there was no
significant fluctuation, indicating that the axial force applied
on the bolt was lower than the constant resistance of the
model NPR bolt. The constant resistance device did not slip.
The bolt relied on the elastic deformation of the bolt material
to resist the deformation and collapse of the rock mass. The
curves CD and DE correspond to the constant resistance
phase of the bolt. The pressure curve began to fluctuate
following a sharp drop and then fluctuated sharply after
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remaining relatively stable for a period of time. It indicated
that the cone had slid and the bolt had structural defor-
mation. After the curve point E, the bolt removal stage was
corresponding. The pressure curve rises sharply to zero. It
presented that the bolt reached its ultimate tensile length; the
bolt was broken and lost its function.

Figure 15(a) presents the model picture of compaction
stage. The horizontal pressure and the vertical pressure were
applied to the model, corresponding to the OA phase of the
stress record. At this stage, the model had no apparent
change. Small cracks existed in the middle of each layer of
the unit plate during the model building stage. When the
slope model was pressurized as a whole, the interlayer cracks
were gradually compacted and the model became an entity.
The record of the section OA presents that the pressure was
unchanged basically; this indicated that the slope was stable.

Figure 15(b) presents the model picture of fracture
generation stage. The horizontal pressure and the vertical
pressure were applied to the model, corresponding to AB
section of stress record. At this stage, many microcracks
occurred in the model. As presented in Figure 15(b) (i), the
vertical microcracks were generated near the slope surface,
such as in the red solid line marking position. Many cracks
occurred near the slope in the lower part of the model of
1 mm in width. As presented in Figure 15(b) (ii), bulges and
cracks existed in the middle and lower parts of the slope,
along with small cracks and breakage in other parts, without
deformation in the anchored net. The record of section AB
presented the continuous increase of pressure. It means that
the internal stress of rock mass changed, which was the first
stage of slope collapse monitoring.

Figure 15(c) presents the model picture of fracture
propagation stage. The horizontal pressure and vertical
pressure were applied to the model, corresponding to the BC
section of the stress record. As presented in Figure 15(c) (i),
the cracks in the upper part of the model section near the
slope surface extended to the deep part of the slope; the

maximum width of the cracks was 7 mm, while the width of
the cracks in the middle part was 2mm. Two circular
protrusions occurred on the upper surface of the model
section; the diameter was 1 to 2cm. As presented in
Figure 15(c) (ii), the upper part of the slope was severely
damaged, with the surface spalling within a large area. A low
amount of collapse blocks was wrapped by the anchored net,
while the anchored net was deformed by punching. A high
amount of cracks occurred in the middle and lower parts,
while a low amount of surface spalls occurred. From record
of section BC, it could be observed that the increase
remained stable following a sharp drop. It indicates that the
internal stress of rock mass continued to increase, which
constituted the second stage of slope collapse monitoring.
Figure 15(d) presents the model picture of local collapse
stage. The horizontal pressure and the vertical pressure
were applied to the model, corresponding to the CD section
of the stress record. At this stage, the upper part of the
model collapsed and the entire model was unstable. As
presented in Figure 15(d) (i), the cracks in the upper part of
the model section near the slope extended to the middle;
the widest part of the cracks was 10 mm. A large number of
cracks in the upper part of the model had a width of
1-5mm. There are 5 circular bulges with a diameter of
1-5mm in the upper part of the slope. As presented in
Figure 15(d) (ii), the upper and middle parts of the slope
collapsed, resulting in large pieces of collapse peeling off
and wrapping by anchor mesh, leading to severe defor-
mation of the anchored net. The collapse in the lower part
of the model was lighter than that in the upper part; the
surface spalling within a large area and the anchored net
produced a low amount of deformation. The record of
section CD presents that the pressure curve rose slightly
after a sharp drop and then remained stable; it means that
the NPR bolt began to produce structural deformation.
Figure 15(e) presents the model picture of the entire
collapse stage. The horizontal pressure and vertical pressure
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FiGURE 15: . Photograph of model collapse process: (a) compaction stage: (i) lateral view and (ii) side view; (b) fracture generation stage: (i)
lateral view and (ii) side view; (c) fracture propagation stage: (i) lateral view and (ii) side view; (d) local collapse stage: (i) lateral view and (ii)

side view; (e) entire collapse stage: (i) lateral view and (ii) side view.

were applied to the model, corresponding to the DE section
of the stress record. At this stage, the model occurs the large
area collapse. As presented in Figure 15(e) (i), the cracks in
the upper part of the model section extended around the
slope with a maximum crack width of 15mm. Also, a high
amount of cracks occurred in the middle and upper parts of
Imm to 5mm in width, while a low amount of spalling
occurred on the upper surface. As presented in Figure 15(e)
(ii), the entire slope was collapsed; in addition, serious
deformation occurred on the slope, and a large amount of
collapse spalling was wrapped by the anchored net. This led
to severe deformation of the anchored net. It could be seen
from the CD segment record that the pressure fluctuates
with a high frequency; it presented that the NPR bolt
continued to produce structural deformation.

4.2. Digital Speckle

4.2.1. Principle. In this model experiment, the MTI-2D
digital image measurement system was utilized to quantify
the full-field displacement [33-35]. This system was also
called noncontact strain measurement and parameter re-
verse analysis system. It was composed of MTI-2D two-
dimensional measurement and simulation optimization
analysis software, AVT-CCD industrial camera, and
lighting system (halogen lamp or LED), along with fixture
and calibration board. The two-dimensional measurement
and simulation optimization analysis software constituted
the postprocessing software of the system, used to process
the acquired image information. The image acquisition
control software was connected to the industrial camera
through a computer device to perform real-time image
acquisition on the experimental target. The industrial
camera had a maximum resolution of 5 million pixels and a
frequency of >30Hz. The displacement pixel accuracy
measured by the system was 0.001-0.01, the displacement
resolution was 0.1ym, and the strain resolution was
20-50 pe, while the strain measurement range was 0.005%—
2000%.

Prior to experimentation, the speckles were made on the
model section. The entire speckle pattern had high contrast,
high anisotropy, and nonrepetition [36]. The basic principle
of the system was to use the scattered spots randomly
distributed on the surface of the model as the information
carrier. Contrast analysis of the speckle pattern provided
information, such as the displacement field.

The center point coordinates of a surface of an object
were let to be P(x, y) and any point of Q(x;, y;) nearby.
When the object was deformed, the corresponding coor-
dinates of two points were P’ (x,, ;) and Q' (x}, y%).

P' and P had the following relationships:

X = X + W
T ®
Yo= YotV
Q and Q' had the following relationships:
X;=x; + fo
, < 9)
Yi=)itVop

where y and v represent the displacement components of
point P on the x- and y-axes, respectively; u, and v, rep-
resent the displacement components of point Q on the x-
and y-axes, respectively.

Let the gray scale of point p prior to and following
deformation be

f(Q = f(xy)

(10)
9(Q) = g(x;, ).
It could be concluded that
po =(p+ puAx + p,Ay),
128 :(V+vax+vyAy), (11)
Ax = (x; — %),
Ay = (yi = o).

Among these, f represents the gray scale function of the
image before deformation and g represents the gray scale
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function of the image after deformation. ,p,,p,,v,v,,v,
are displacement vectors.

In order to determine the displacement correspondence
before and after deformation, C(f,g) is introduced to
determine the degree of similarity of the images before and
after the displacement as

C(f,9) = C(x;, yi»xi» yi) = C(P). (12)

From the above equation, it could be observed that
C(f, g) is a function of P and its minimum value was found
as

aC

5" 0. (13)

4.2.2. Displacement Nephogram Analysis. Figure 16(a)
presents the displacement nephogram of the model com-
paction stage, in which the direction of horizontal dis-
placement was the same as that of the x-axis. As presented in
Figure 16(a) (i), the entire model produced low displace-
ment, while the displacement of the top part of the model
was apparent. The displacement presented a decreasing
trend from the upper part to the middle part of the model,
while the displacement of the lower part had no apparent
difference. As presented in Figure 16(a) (ii), no apparent
difference existed in the displacement. This indicated that
the model had reached the compact state. The maximum
displacement of the top part of the model was 1.9 mm and
the displacement of other areas was 1.3 mm.

Figure 16(b) presents the displacement nephogram of
the model fracture generation stage. As presented in
Figure 16(b) (i), the horizontal displacement of the model
increased significantly, while the displacement from the
right side (near the slope) to the left side of the model
presented a decreasing trend, while the displacement change
region also presented a decreasing trend. As presented in
Figure 16(b) (ii), there was a gradual increase of displace-
ment in the central region, while it decreased in the upward
and downward directions. The displacement of the middle
position of the model was 6.2 mm.

Figure 16(c) presents the displacement nephogram of the
model fracture propagation stage. As presented in
Figure 16(b) (i), the displacement trend changed highly and
the maximum displacement region shifted to the upper part
of the model compared to the fracture generation stage, and
the horizontal displacement significantly increased. The
displacement variation of nephogram was divided into four
grades, while the displacement gradually decreased from top
to bottom and the displacement increment of the upper part
of the model near the slope surface was the highest. As
presented in Figure 16(c) (ii), the trend of displacement had
no major change in the nephogram compared to
Figure 16(b) (i). The displacement growth area of the upper
part of the model expanded downwards, especially on the
side close to the slope, where the growth was faster and the
displacement could be up to 30 mm.

Figure 16(d) presents the displacement nephogram of
the partial collapse stage of the mode. As presented in
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Figure 16(d) (i), the trend of displacement change was lower
compared to the fracture propagation stage. As presented in
Figure 16(d) (ii), the displacement of the upper part of the
model near the slope increased rapidly, while the growth
region was extended along the slope to the middle. No
apparent change existed in the displacement of the lower
part of the model or the upper part of model slope, while the
displacement of the model reached 32 mm.

Figure 16(e) presents the displacement nephogram of the
overall collapse stage of the model. As presented in
Figure 16(e) (i), the trend of displacement change in this
stage was lower compared to the local collapse stage, while
the displacement change region was mainly concentrated on
the upper part of the model near the slope, diffusing out-
wards. As presented in Figure 16(e) (ii), the horizontal
displacement of the model increased slowly, while the area of
displacement growth expanded downwards. The maximum
horizontal displacement of the upper and middle parts near
the slope was 41 mm.

Derived from the displacement cloud map during the
model experiment, the horizontal displacement was mainly
concentrated on the upper part of the model near the side of
the slope. The displacement growth area extends downwards
along the side slope, gradually decreasing from top to
bottom. The maximum displacement region extended
downwards along the slope and the horizontal displacement
of surrounding rock reached 41 mm. The maximum increase
of displacement was in the fracture propagation stage, but
the surrounding rock did not collapse in an instant. In the
stage of local collapse and entire collapse, the displacement
increased slowly until the overall collapse of the slope.

4.2.3. Displacement Analysis of Monitoring Points. As pre-
sented in Figure 17, column A and column B monitoring
points were taken parallel to the slope direction in the slope
model; the horizontal distance between column A and the
slope was 5cm, while column B was 15cm. The distance
between points Al and Bl and the top of the slope was
10cm, and the vertical distance between each monitoring
point was 25cm. The monitoring points were selected to
analyze the change rule of horizontal displacement.

The horizontal axis coordinates of the following dis-
placement curves represented pictures of different states
corresponding to different moments taken through the
speckle system during the entire experiment. Stages I, II, III,
IV, and V in the displacement curves represented the model
compaction stage, the fracture generation stage, the fracture
expansion stage, the partial collapse stage, and the overall
collapse stage, respectively.

In Figure 18, it could be observed that the horizontal
displacement trends of column A and column B were
roughly the same. The horizontal displacement curve of
each monitoring point increased apparently, but the
displacements of measuring points of A5 and B5 were
unchanged. The increasing range of displacement of each
monitoring point (except point A2) grew gradually from
the bottom to top, especially for monitoring point A2. The
fracture expansion stage had a high influence on the
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FIGURE 16: Displacement nephogram of slope model: (a) compaction stage: (i) prior to load application and (ii) after loading; (b) fracture
generation stage: (i) prior to load application and (ii) after loading; (c) fracture propagation stage: (i) prior to load application and (ii) after
loading; (d) local collapse stage: (i) prior to load application and (ii) after loading; (e) entire collapse stage: (i) prior to load application and

(ii) after loading.

horizontal displacement of the model, but, after this stage,
the displacement was raised slightly with the loading path.
The displacement of the monitoring points Al, A2, Bl,
and B2 were higher than others; this indicated that the
collapse was mainly concentrated in the middle and upper
parts of the slope. The horizontal displacement of column
A was larger than that of column B as a whole; this in-
dicated that the closer to the slope area, the more serious
the rock mass collapse. The maximum horizontal dis-
placement of column A was 35 mm, while that of column
B was 28 mm.

5. Discussion

As an important research method, the physical model test
has some difficulties and limitations in quantitative research,
but this method can directly reflect the real process of slope
collapse under support conditions. The physical model is
mainly adopted with simplified geological conditions. Al-
though the physical model presupposes the surrounding

rock joints, it is unable to simulate the joints widely dis-
tributed in the rock mass. The joint setting in the physical
model will lead to some differences between the test results
and the field observation results, which is one of the chal-
lenges faced by the current physical model test methods. In
order to solve this problem, the model block made of similar
materials is used to establish the test model, and the interface
between the model blocks is used to simulate the nodes.

The model test phenomenon should well reflect the
deformation of slope under the support of NPR bolt system.
The failure characteristics of the slope agree well with the
displacement monitoring results. Through the monitoring of
NPR anchor pressure, the supporting effect is verified, es-
pecially the change rule of pressure record, which has certain
reference value for rock slope collapse monitoring. The
experiment reproduces the collapse process of rock slope
and reveals the supporting effect of NPR anchor. In this
paper, the physical model test method is proposed to provide
an effective method for the study of rock slope collapse
support and monitoring.
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Figure 17: Displacement measuring points layout.
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FiGure 18: Horizontal displacement curves of displacement measuring points:

6. Conclusions

Physical model tests and pressure sensor and displacement
nephogram analyses were carried out to investigate the
effects of NPR bolt system, characteristics of collapse, and
monitoring of rock slope. Based on the test and the nu-
merical results, the following conclusions may be drawn:

(1) According to the analysis of the slope failure char-
acteristics, the slope model collapse can be divided
into four distinct stages: fracture generation stage, (3)
fracture propagation stage, local collapse stage, and
overall collapse stage.

(2) The displacement nephogram of the slope and the
displacement change trend of the monitoring points
show that the displacement increases the most in the
fracture propagation stage, but the surrounding rock
did not collapse in an instant. Then, the displacement
increased slowly until the whole slope collapsed. It

Number of status pictures (sheets)
(b)

(a) A1-A5 measuring points; (b) B1-B5 measuring points.

indicated that the NPR bolt had a constant resistance
effect after being subjected to the instantaneous
impact force, effectively preventing the instanta-
neous overall collapse of the surrounding rock; that
realized the stable reinforcement of surrounding
rock and highly reduced the potential safety hazards
of rock slope collapse. Flexible anchored net
absorbed the instantaneous impact force of the
falling rocks, while wrapping it to prevent falling.

From the comprehensive analysis of slope failure
characteristics and stress records, it could be con-
cluded that the change of pressure curve presented
apparent regularity in the entire process of slope
collapse and reflected the change state of the internal
force of surrounding rock. The curve in section AB
was decreased apparently. It means that the internal
stress of rock mass changed, which was the first stage
of slope collapse monitoring. The curve of section BC
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presents declined sharping and then maintains a
transitory stable stage. This was the second stage of
collapse monitoring; this monitoring stage of slope
was particularly important; this indicated that the
slope was imminent collapse.

(4) Through the comprehensive analysis of model test,
the new support system has good support effect on
the deformation and failure of rock slope with joints
and has the function of slope monitoring, which can
catch the stress change of surrounding rock timely
and without delay, and has high monitoring accuracy
for the test slope, thus providing a theoretical basis
for the support and monitoring of other similar rock
slopes.
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