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Due to the frequent occurrence of geological disasters, such as geological faults, tectonic activities, and local activities, the study of
a cable structure capable of resisting large deformations and of absorbing energy is investigated. The plane length is increased step
by step based on the deformation and energy absorption values of the original NPR anchor cable model. Three kinds of two-stage
constant resistance bodies are designed following the three principles: first-stage friction plus second-stage expansion, primary
expansion plus secondary expansion, and first-stage expansion plus second-stage friction. Moreover, a giant NPR anchor cable
with extraordinary mechanical properties is developed. Via a theoretical analysis and laboratory static tensile tests on traditional
NPR and giant NPR anchor cables, their force characteristics, constant resistance, and fluctuation trends are related to the size and
the structure of the constant resistance body. In addition, the most remarkable improvement takes place in the cables’ deformation
and energy absorption properties. The deformation increases from 1000-2000 mm to 3000-4000 mm, while the energy absorption
value increases from 4.21 x10°-1.09x10°] to 3.2x10°]J. The constant resistance value is also effectively enhanced to

550-723.7 kN. This provides a reliable technical support for their application in deep geological faults.

1. Introduction

Bolt support technologies are widely used in the field of
slope reinforcement and support-based techniques, due to
their abilities in improving the structural strength of the
rock mass and in enhancing the slope stability [1-3].
However, when the depth of an excavation increases,
geological disasters, such as large deformations mostly
caused by landslides, cannot be avoided by employing
traditional small-deformation support systems. This is due
to complex factors, such as the high ground stress, rain-
falls, and the weather condition, reducing the physical and
mechanical properties of rock, which can easily cause slope
instabilities and other secondary disasters [4-9]. In recent
years, support materials with the characteristics of anchor
bolt cables have been developed by several research groups

in various countries. According to the working charac-
teristics of three types of such anchor bolts, one can classify
them as follows: strength bolts, yield bolts, and energy
absorption bolts [10]. The supporting force of strength
bolts is equal, or almost close, to the strength of the bolt
material [11]. Yield bolts have a strong resistance against
possible large deformations of the rock mass, despite their
strength is small [12]. Energy absorption bolts allow one to
obtain around 200-300 mm deformation of the rock mass
upon maintaining the upper strength of the surrounding
rock [13, 14]. The tensile process with elastic deformation-
strain hardening-strain softening was related to the use of
energy absorption bolts with an increased working re-
sistance upon a change in the rock deformation, and it
appears that all the three anchors hardly meet the large
deformation factors caused by slope instabilities and the
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needed control requirements. Currently, the traditional
prestressed anchor cable systems and their derivatives
retain structures. Their working principle mostly relies on
their reinforcement and on the monitoring of the slope
height and steepness [15, 16]. It is urgent to develop new
supporting cables with extraordinary mechanical prop-
erties in sight of the limitations in the mechanical prop-
erties of traditional bolts (cables) and of the severity of the
engineering environmental problems. In the 1980s, the
negative Poisson’s ratio, or the auxetic material, was firstly
discovered by Evans and Alderson [17]. In recent years, a
series of negative Poisson’s ratio materials have been
developed [18-20]. In 2009, constant resistance and large
deformation bolts with a negative Poisson’s ratio structure
were developed by Manchao et al. [21]. These cables show
excellent characteristics, such as a high constant resistance.
Moreover, their large deformation and strong energy
absorption factors avoid the “necking failure” defect of
traditional bolts [22]. The tension and displacement curves
of the monitoring anchor cables in function of the high-
constant resistance landslide were acquired via displace-
ment-control experiments. These measurements aim to
monitor the high-constant resistance landslide anchor
cable and to reveal the behavior of the constant resistance
and the displacement change [23]. Yang et al. [24] and
Man-Chao et al. [25] successfully applied the results based
on the NPR bolts’ static tensile test to monitor the stability
of open-side mine slopes, where the monitoring and
warning effects were very significant. Nowadays, this type
of anchor cable is mainly used to monitor and evaluate
slope engineering processes and a few shallow active faults.
Despite their constant resistance values, the cable defor-
mations and their energy absorption characteristics do not
manage to monitor and warn the existing complex geo-
logical hazards. In order to predict the tectonic activity of
deep geological faults and to control the local geological
activity faults, a giant NPR anchor cable was developed by
Man-Chao et al. The deformation and constant resistance
values of this anchor cable increased step by step up to
3000-4000 mm and 550-723.7 kN (the maximum constant
resistance is 567.7-800kN). Moreover, an energy ab-
sorption value is observed in the range of
4.21 x 105-1.09 x 106 J for the NPR cables and 0of 3.2 x106]
for the giant NPR cables. The redesign of the structure of
the constant resistance body to define the mechanical
properties of the new constant resistance and its changes
for NPR anchor cables showed to be consistent with the
measured and calculated values, and this ensures the
stability of the constant resistance.

2. Design of Giant NPR Anchor Cable Structure

2.1. Structure Composition of the NPR Anchor Cable. As
shown in Figure 1, the NPR anchor cable is composed of a
conical constant resistance body (installed inside a constant
resistance device), a steel strand (1-7 pieces), a constant
resistance sleeve (cylindrical device), a gasket (used for
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FIGURE 1: Schematic diagram of the NPR anchor.

sealing both ends of the constant resistance device), and a
prestressed pallet (bearing tensile load). When the pre-
stressed pallet and the steel strand are subjected to a tensile
load, the relative movement between the cone and the sleeve
transfers the load to the constant resistance body via the steel
strand. This movement is equivalent to the deformation of
the anchor cable. The reverse resistance generated during the
movement is equal to the constant resistance. When the cone
slips within the sleeve, the bolt is extended in the axial
direction, and it expands radially. Therefore, the NPR bolt
can also be used as an NPR material or a macroscopic
structure.

2.2. Structural Mechanic Optimization of the NPR-3000-
(4000-) Type Constant Resistance Body

2.2.1. NPR-2000 Model Construction of the Constant Resis-
tance Structure. 'The constant resistance, which is one of the
three characteristics of NPR anchor cables, is widely in-
vestigated, and researchers have been trying to reveal its
trend and to explore the factors that affect its size. They
found that the constant working resistance of the NPR bolt is
irrelevant, when one considers the external load, but it turns
out to be fundamental to determine the structure parameters
of the cone and the elastic parameters of the sleeve. A more
realistic model of the NPR anchor cable elastic-plastic
mechanics can be established based on results provided in
this paper. On the one hand, the aim of this work is to verify
the mechanical model. On the other hand, an in-depth
analysis of several factors affecting the constant resistance of
the core and their degree of influence on the mechanical
structure is provided. Moreover, these results may guide the
design of different structure sizes and shapes for various
NPR anchor cables under different constant resistance re-
quirements in future developments.

In Figure 2, the following notations are used: Fc:
constant resistance; b: outer radius of the sleeve; a: inner
radius of the sleeve (equivalent to the diameter at the
smallest end of the cone); N: normal stress inside the
sleeve; P: compressive stress inside the sleeve; Rj: end
radius of the cone; Lg: length of the cone in contact with
the sleeve; a: cone angle; Fy. friction between the inclined
cone and the inner surface of the sleeve; z;: length of the
constant resistance body corresponding to the elastic
phase of the constant resistance device; z,, z3: constant
resistance body length corresponding to the plastic phase
of the constant resistance device; Ad: limit resilience value
of the constant resistance body; §: maximum swelling
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FIGURE 2: Mechanics analysis of the NPR-2000 model.

capacity of the constant resistance body; g4 circumfer-
ential stress of the constant resistance body; o,: axial stress
of the constant resistance body; and o: radial stress of the
constant resistance body.

(1) Two-dimensional plastoelasticity mechanical mode
for an NPR bolt: when the two-dimensional plane
hypothesis is applied to the analyzed NPR anchor
cables, the plane strain assumption is introduced
without taking into account the axial stress and the
tangential strain. The axial stress and radial stress of
the constant resistance body can be calculated via the
equations o, = (0g + 0y)/2 and 1.15505 = 0g—0p and
the following lame formulas [26]:
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For any position in the sleeve, as long as the stress
(og—0R) reaches the value of 1.15505, the point meets the
plastic state. As it can be seen from Figure 2, the inner
diameter (R=a) enters initially the plastic state.

(2) Three-dimensional plastoelasticity mechanical mode
of the NPR bolt: in this model, the stress-strain radial
relationships with the circumferential and axial
constant resistance body are taken into account. The
stress component for the axisymmetric elastic me-
chanics of the space can be expressed by the Love
displacement function, without considering any
physical force, as follows [27]:
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where G and y are the shear modulus and the Poisson ratio,
respectively, while ¢ is the harmonic function. According to
Figure 2, the following boundary conditions were intro-
duced: (1) R=a and or=P; (2) 1rz=Nf;, (3) R=b; (4)
0r=Trz=0; (5) z=0 and 0,=0; and (6) z=1, 0,=¢, and
q=2fNla/b’~a’. In these expressions, f is the frictional co-
efficient, [ is the axial length of the constant resistance body,
and q is the axial stress at the fixed end of the sleeve (as-
suming that the axial stress is evenly distributed along the
radial direction). According to the concept of a thick-wall
cylinder, the ratio between the outer radius, b, and the inner
radius, a, must be bigger than 1.2. This means that the
geometric shape is symmetric along the central axis and
along the axial direction of the cylinder. Moreover, this
implies that the load distribution along the cylinder is also
symmetric along the central axis. By applying the same
calculation on the NPR anchor cable constant resistance
(with b/a=1.39), one can notice that, along the axial con-
stant resistance body, the geometric shape and the stress
distribution center show an axial symmetry. This means that
the NPR anchor cable is similar to a thick-wall cylinder with
the radial stress o and axial stress o,. The circumferential
stress, 0g, and the shear stress, 7z, of the constant resistance
body are also taken into account. In conclusion, the ana-
lytical solution of the 3D plastoelasticity mechanical model is
closer to the actual constant resistance value than that of the
2D model for an NPR-2000 mm anchor cable.

2.2.2. Structural Optimization of an NPR-3000 (4000)
Constant Resistance Body Type. In order to effectively im-
prove the constant resistance of the NPR anchor cable and to
ensure that this follows the same constant resistance fluc-
tuation rule of the NPR anchor rod, a structural redesign was
carried out on the constant resistance sleeve and on the
constant resistance cone. Based on the characteristics of an
NPR bolt, in which the monolithic tubular structure is
1000 mm and longer, this generates coaxial problems, which
lead to a good resistance or to severe fluctuations in the



constant resistance curve during the tensile process in NPR
cables. To improve the design of the constant resistance cone
structure, the internal structure of the constant resistance
sleeve is modified to generate a problem. The analysis of the
motion and of the deformation law of the constant resistance
body during the tensile process for an NPR anchor cable
shows that a spring-back state occurs in the radial direction
of the constant resistance body. This results in the creation of
a prismatic surface on the inner wall of the constant re-
sistance sleeve (a convex structure), when the constant re-
sistance cone reaches a certain position along the constant
resistance sleeve, as shown in Figure 3.

In this work, a new type of constant resistance body was
designed. It consists of a two-stage constant resistance body
(as shown in Figure 4), which is built by making use of the
convex structure in the inner wall of the NPR anchor cable
constant resistance sleeve. The two-stage constant resistance
body cannot increase the constant resistance of the NPR
anchor cable alone. Despite this, it shows a uniform fluc-
tuation rule.

The change of the constant resistance is analyzed, and the
expression of the constant resistance is simplified as follows:

F.=F,+F,+F,=APf+APf+APf, (3)

where A, is the area of the constant resistance body during
the elastic stage (inclined plane), A, is the area of the
constant resistance body during the plastic stage (inclined
plane), A; is the area of the constant resistance body during
the plastic stage (plane), P is the surface pressure of the
constant resistance body, and f is the frictional coefficient.
Another relevant equation is Fc;=AsPf, where A;=2nLp.
When the pressure (P) is increasing, Lp can increase the third
constant resistance value, thereby increasing the overall
constant resistance value, as shown in Figure 5.

The constant resistance can be improved by increasing
the plane length of the constant resistance cone appropri-
ately, but this may cause an unnecessary waste if it exceeds a
reasonable range. According to the actual situation (in-
stallation requirements and size ratio), the maximum length
of the constant resistance body is defined to be 200 mm and
the maximum plane length of the constant resistance body is
125 mm.

2.3. Development of an NPR-3000 (4000) Constant Resistance
Specimen. Based on the design of the NPR-2000 and the
measurements of the deformation law of the core constant
resistance body of an NPR anchor cable, three types of two-
stage constant resistance bodies are proposed, as shown in
Figure 6.

Based on the single-stage constant resistance body, three
new types of constant resistance bodies were designed. The
working characteristics of the first type of two-stage constant
resistance body are the following: The first-stage friction
adds a second-stage expansion to the constant resistance
body. This means that when the constant resistance cone
slips in the constant resistance sleeve, the first level of the
constant resistance cone mainly acts on the friction slip, and
this only provides some friction on the NPR anchor cable.
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FIGURE 4: Two-stage constant resistance body.

The second level mostly generates an expansion during the
movement and plays a role in increasing the friction in the
process. The second type of two-stage constant resistance
body is based on a primary and a secondary expansion.
When the constant resistance cone slips in the constant
resistance sleeve, the first level of the constant resistance
body expands and then slides, generating an increase in
the friction force. When the first expansion is complete, the
second level starts expanding continuously and moves the
constant resistance sleeve, generating a friction force.
The third type of two-stage constant resistance body works
based on a first-stage expansion and a second-stage friction.
When the constant resistance cone slips in the constant
resistance sleeve, the first stage of the constant resistance
body expands and then slides to increase the friction force,
while the second stage mainly generates the friction force.
Although there exist different design methods and bipolar
constant resistance body modifications, with the proposed
techniques, the constant resistance was effectively improved
and showed a certain trend in its fluctuation effect.

3. Supernormal Static Tensile Test of the NPR-
3000 (4000) Anchor Cable

Based on their deformation factor of about 2000 mm, NPR
anchor cables are currently used in slope engineering. Ca-
bles, which can deal with a deformation up to 3000 mm and
4000 mm, also known as giant NPR anchor cables, are here
investigated. They were adopted to carry out a static tensile
test, in order to enhance their deformation and energy
absorption ability. Moreover, new working conditions as
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well as the stable state of their constant resistance were
studied. Here, a comparison of their mechanical perfor-
mances with those of other types of cables is presented.

3.1. Experimental System and Test Specimens

3.1.1. Experimental Specimen and Parameters. In the fol-
lowing static tensile experiment, an ordinary NPR anchor
cable, with a deformation of 1000-2000 mm, and a giant
NPR anchor cable, with a deformation of 3000-4000 mm,
are investigated. As shown in Figure 7, a total of four groups
of experiments were carried out. The radial size of the
constant resistance body was ® 121 x 17, due to the limi-
tations given by its inner diameter, which affect the capacity
of the bearing force. For this reason, single strands of 1x9
were employed and the constant resistance body was fixed.

The steel strand selected in this test is different compared
to the one used to obtain the results in the early stage of this
research. Moreover, the constant resistance of the NPR
anchor cable during the static tensile test is larger than that
measured during previous tests. The main parameters are
shown in Table 1. The tensile strength, the maximum
breaking force, the elongation, and the stress relaxation
properties of the steel strand were determined during the
tensile test.

After determining the geometrical size and the me-
chanical parameters of the strand, constant resistance bodies
with different diameters were fabricated based on the di-
mensions of the constant resistance sleeve. While an NPR
anchor with a deformation of 1000 mm adopts the original
constant resistance body, an NPR anchor with a deformation
of 2000 mm shows a constant resistance body, which is
characterized by a one-stage and a two-stage expansion. The
NPR anchor cable with a deformation of 3000 mm adopts a
constant resistance body characterized by a one-stage ex-
pansion and a two-stage friction. The NPR anchor cable with
a deformation of 4000 mm is, instead, characterized by a
primary resistance and a secondary expansion of the con-
stant resistance body, as shown in Table 2.

3.1.2. Experimental System. The experimental equipment
used to carry out these tests is an HWL-2000 anchor cable
tension tester, which is able to monitor the deformations of
the constant resistance, and an NPR anchor cable automatic
installation equipment, as shown in Figure 8.

3.2. Experimental Process. The experiment that was carried
out consists of six steps: (1) the constant resistance body is
marked; (2) an even layer of grease is applied over the
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TaBLE 1: Mechanical features of the 1 x 9 prestressed strand.
. . . . . Stress relaxation ability
Diameter Tensile strength Maximum force Stretching force Elongation . . .
(mm) (MPa) (kN) (kN) (%) In1t1:c11 loald/max1mum Stress relaxation
engineering pressure percentage after 1000 h
18.24 2287 1200 900 3.5 0.7 2.5
TaBLE 2: Size of the constant resistance body and the constant resistor.
Constant resistance Constant resistance
body size sleeve size (mm)
Test R
number i car
Length (mm) Front diameter (mm) diameter (mm) Length (mm) .Inner Quter
. radius (mm) radius (mm)
Preexperiment
LS-1000 110 83 93.3 1000
LS-2000 160 94 94.3 2000 87 121
LS-3000 160 94 94 3000
LS-4000 170 95 95.3 4000

constant resistance body; (3) the constant resistance body is
connected to the steel strand; (4) the constant resistance
body and the steel strand are secured via the constant re-
sistance sleeve; (5) the connector located at the rear end of
the constant resistance device is installed via an automatic
installation process, and it is at this moment that the NPR
anchor cable is successfully assembled; and (6) the NPR
anchor cables are loaded into the experimental setup, and
the steel wire is clamped via the front clamping device, while
the rear clamping device clamps the anchor cable back end
connector. Moreover, a certain prestress is applied, as shown
in Figure 9. The control mode is set via the displacement
stretching control on the microcomputer controller, and the
tensile rate is set to 20 mm/min.

3.3. Experimental Results and Analysis. The mechanical
displacement curve of the NPR anchor cable was obtained
via the aforementioned experimental technique. The existing
law of NPR anchor cable static tensile results with a de-
formation of 1000~4000 mm is analyzed. Moreover, the
mechanical displacement curve and energy of the NPR cable
with a deformation of 1000 mm are represented via a co-
lumnar section, as shown in Figure 10. Section I shows in the
elastic deformation stage. During this stage, the constant
resistance is around 490kN and the deformation is about
80 mm. During Section II, the constant resistance fluctuates

in a stable fashion with an average constant resistance of
495kN and a deformation of about 700 mm. During Section
II1, the cable fails after a limited amount of time. The final
deformation is around 850 mm, the theoretical deformation
is 1000 mm, and the final energy absorption is 4.21 x 10°J.

The mechanical displacement curve and the energy
columnar section of the NPR anchor with a deformation of
2000 mm are shown in Figure 11. Section I shows the elastic
deformation stage, where the final constant resistance is
around 420 kN and the deformation is about 80 mm. Section
II shows the steady fluctuation stage of the constant resis-
tance with a maximum and a minimum constant resistance
of 631kN and 467.3kN, respectively. In addition, the av-
erage constant resistance measured is 535kN. Section III
shows the failure stage, where the constant resistance ac-
quires a theoretical deformation of 2000 mm and the actual
deformation measured is 1900 mm. The final average energy
is 1.07 x10°]J.

Figures 10 and 11 show that there is a uniform fluctu-
ation of the upper and of the lower level of the constant
resistance curve. This phenomenon is related to the structure
and the size of the constant resistance body. The mechanical
displacement curve and the energy columnar section of the
NPR anchor with a deformation of 3000 mm are reported in
Figure 12.

Via the analysis of Figure 12, Section I, which corre-
sponds to the elastic deformation, can be obtained. In this
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state, the final constant resistance and the deformation
measure are 550 kN and 180 mm, respectively. Even after the
test, the constant resistance device is cut laterally, and it is
found that the inner wall of the constant resistance device in
this section is seriously damaged.

The results show that the inner wall of the constant
resistance device is seriously damaged. A few of the metal
fragments are scraped off after the test, and this section is
compared with other parts of the constant resistance device.

The findings show that the failure was generated along the
axis of the constant resistance device. This is the most
important cause of fluctuations, which can affect the con-
stant resistance. Section III comprises the failure stage.
Despite its theoretical deformation was calculated to be
3000 mm, the actual deformation and the final average
energy are 2740mm and 1.57x10°], respectively. The
mechanical displacement curve and the energy columnar
section of the NPR anchor cable with a deformation of
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1000 mm): mechanical curve.

4000 mm are shown in Figure 13. The final constant resis-
tance and the deformation of the first stage are 380kN and
260 mm, respectively. The constant resistance fluctuation at
higher stages progressively increases, until the constant
resistance reaches 800kN. The minimum value of the
constant resistance is 629.8 kN and the average constant
resistance is 723 kN during the movement of Section IV of
the constant resistance body. The failure stage refers to the
third type of anchor cable, characterized by a theoretical
deformation of 4000 mm, but an actual deformation of
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FIGURE 11: NPR anchor experimental curve (with a deformation of
2000 mm): mechanical curve.

3980 mm, a final average energy of 2.75x10°J, and a
maximum energy of 3.2 x 10°7.

Figure 13 shows the anchor cables’ characteristic curve.
It presents increasing and uniform fluctuations on Sections I
and IV of the constant resistance. This result can be
explained via the shrinking of the inner diameter of the
constant resistance.

In order to visually compare the mechanical states of the
NPR anchor cables with their deformations ranging from
1000 mm to 4000 mm, the mechanical curves and the energy
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diagram of the four NPR anchor cables are placed in the
same coordinate system in Figure 14.

From the analysis of Figure 14, one can define four
characteristics for the NPR anchor cables: (1) The constant
resistance of an NPR anchor cable is related to the size of the
constant resistance body. (2) The constant resistance fluc-
tuation rule for an NPR anchor cable is relevant to the
analysis of the structure of the constant resistance body. A
single expansion is adopted by the constant resistance body
of the NPR anchor cable with a deformation of 1000 mm,
and this leads to irregular fluctuations in the constant re-
sistance curve. The NPR anchor cables with a deformation of
2000 mm and 4000 mm are characterized by more regular
fluctuations, and they adopt a two-stage expansion constant
resistance body. A first-order expansion and a second-order
friction are adopted by the NPR anchor cable with a de-
formation of 3000 mm. The fluctuation of its constant re-
sistance curve shows a certain regularity with a little
fluctuation range. (3) The coaxiality of the NPR anchor cable
constant resistance device has a certain impact on the
constant resistance, as shown in the NPR anchor cable

mechanics curve with a deformation of 3000 mm. (4) Under
the premise of maintaining a constant resistance or in-
creasing the constant resistance, upon the increase of the
NPR anchor cable deformation, its energy absorption in-
creases significantly.

4. Engineering Application and Result Analysis

4.1. Engineering Situation. The Changdifang Reservoir is
located in the Nanlang River, a tributary of the upstream of
the Zhanda River in the north of Yingjiang County, Dehong
Prefecture, Yunnan Province. The dam site has a normal
water storage level of 2188.87 m, a top elevation of 2191.1 m,
a maximum dam height of 37.5m, and a storage capacity of
13.114 million m®>. This reservoir is equipped with a town
flood control measure and is used for agricultural irrigation
and the town water supply of medium-sized water con-
servancy projects. According to the field survey, only
Xiongjiashan near the dam site has a large source of weak
weathered fossil materials and is the only stone source near
the dam site of Changdifang Reservoir (within 5km),
meeting the dam construction demand.

The Xiongjiashan quarry is located downstream of the
intersection of the Hexinba River and the Nanlang River
downstream of the tributary dam site and is about 36,900 m*
area. The southwest end of the quarry is partially steep near
the river. The rock outcrops are mostly weakly weathered
bedrocks with thin overburdens.

On February 9, 2018, during the mining process of the
Xiongjiashan quarry, the top excavation surface was affected
by unloading and the steep-inclined structural planes along
the slope. A ring-shaped tensile crack appeared along an
elevation of 1963 m, and the crack extended downward
along the slope to a high level. 1918 m platform formed a
slump body with a vertical height of 53 m, a maximum
lateral width of ~92m, and a maximum longitudinal slope
length of ~70 m. As of February 22, 2018, the vertical seating
height of the 1963 m position at the top of the slump body
was approximately 2.5-3 m; affected by the June 29, 2018,
earthquake and sustaining heavy rainfall, the slope defor-
mation and crack development of the Xiongjiashan quarry
accelerated; on July 1, 2018, the top crack at the top of the
quarry widened about 6cm to 7cm, four new cracks
appeared to the left of the top, and a new crack appeared (the
excavated support slope surface), which was connected to
the original crack and developed to a 1938 m platform.

4.2. Monitoring Point Design. After the Xiongjiashan quarry
experienced two concentrated supports, its antisliding force
on the slope still could not resist the sliding force caused by
the prolonged rainfall and excavation. Slope cracks con-
tinued to appear and urgently needed an effective slope
monitoring, warning, and reinforcement method for un-
interrupted landslide monitoring of the quarry slope to
ensure the safety of life and property of the staff; therefore,
the NPR Newton force monitoring and early warning system
was introduced. According to the landslide scale of the
Xiongjiashan quarry and the target of monitoring and early



10

900
1

800.0kN

Energy (J)

Constant resistance (kN)

180 f/ M
‘ ‘

|
| \
T | B | | B B R T T 1

0 500 1000 1500 2000 2500 3000 3500 4000 4500

Displacement (mm)

(a)

3.5x10° -
3.0 x 10° -
2.5x10° -
2.0 % 10° -
1.5% 10° -
1.0 x 10° -

0.5 % 10° -

Shock and Vibration

Unit: 10,000
joules

320.0

0 -
500 1000 1500 2000 2500 3000 3500 4000 4500
Anchor cables of different tensile magnitude (mm)

(b)

FIGURE 14: NPR anchor experimental curve (with a deformation of 1000-4000 mm): (a) mechanical curve; (b) energy diagram.

warning control, a total of four NPR Newton force moni-
toring points and 12 displacement monitoring points were
installed on the landslide. Figure 15(a) shows the plan
distribution of the four monitoring points, and Figure 15(b)
shows the cross-sectional characteristic along the M-M'
section line in the monitoring area.

4.3. Analysis of Newton Force Warning Time of Landslide
Process. On January 10, 2019, all monitoring points began
normal operation. According to the landslide warning
criteria and warning threshold, as shown in Table 3, the
NPR Newton force remote monitoring and early warning
system released the “2019-0728 landslide” in the Xiong-
jiashan quarry in a timely manner through the network
platform based on the long-term, medium-term, and
proslide warning information. The proslide warning was
issued on July 27, 2019, 20 h in advance. This No. 2 NPR
Newton force monitoring point is located in the middle of
the monitoring area, and the deformation of the NPR
anchor cable used is up to 3 m. Compared to the other
three monitoring points, the monitoring of the entire slope
is representative. Therefore, the monitoring curve of the
No. 2 NPR Newton force monitoring point was selected as
the representative for analysis. The specific analysis is
shown in Figure 16.

Before July 20, 2019, the monitoring curve slowly in-
creased, followed by a sudden increase, but AT was <200 kN.
Within the range allowed by the warning threshold, the
monitored slope was relatively stable, and the monitoring
system did not issue any warning information.

According to the Newton force monitoring and early
warning level, the joint monitoring team released the yellow
long-term warning information in the area. At 17: 07 on July
24, 2019 (point A in Figure 16(a)), the Newton force in-
creased cumulatively by 200 kN. No new cracks appeared in
the entire slope, as revealed by the system, and the stope
decision level strengthened the grasp of the stability of the

slope by increasing the monitoring frequency of the Newton
force monitoring points.

Due to the heavy rainfall in the period July 25-27, 2019,
the monitoring curve suddenly increased, and the Newton
force increased by more than 400kN (AT >300kN).
According to the Newton force monitoring and early
warning level, the monitoring team at 04:15 on July 27,
2019 (point B in Figure 16(a)), released the orange me-
dium-term early warning information in the area. The
investigation of the scene indicated that, below the 1918 m
platform of the stope with an excavator in operation, the
straight distance between the operation spot and the No. 2
monitoring point was approximately 50 m. After the new
and the old cracks widened, the stope decision level im-
mediately ordered all large machinery and construction
workers below the stope to evacuate the site and took
corresponding risk prevention measures. Cracks were
observed under the concrete anchor pier of the slope,
exhibiting a gradually extending trend from the bottom to
the top and from the left to the right.

Based on the Newton force monitoring and early
warning level, at 14:48 on July 27, 2019 (point C in
Figure 16(b)), only 5 h after the orange warning information
was released in the area, the monitoring curve showed a
sudden decline in slope. The system issued a warning to the
stope staff and monitors in the area. The stope decision level
required all the personnel and large and small machinery to
leave the site together. The slope crack suddenly widened,
and lifting on the left and sinking on the right occurred on
the whole.

Via the analysis of Figure 16(b), at 17:24 on July 27, the
monitoring curve dropped to the lowest point and the
Newton force changed constantly. At 10:29 on July 28
(point D in Figure 16(b)), the slope exhibited slip disinte-
gration with three loud noises. Severe damage occurred at
the top, middle, and side edges of the slope with the sliding
of the slope body at the bottom, and the top of the slope body
presented slipping-tension failure. A large wrong platform
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TaBLE 3: Deep Newton force monitoring warning level and warning criteria.
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F1GURE 16: Coupling monitoring curves of the No. 2 warning system. (a) No. 2 monitoring point curve. (b) No. 2 warning of the landslide
monitoring point warning curve.

appeared at the back edge. Slipping-collapse failure occurred ~ difference of the sliding mass being approximately 200 m
in the middle of the slope. and the length from the south to the north being approx-

At the site, a landslide occurred in the 1918-2000m  imately 180 m. The landslide characteristics are shown in
range of the platform length, with the vertical height  Figure 17.
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The above results show that, since the warning system for
NPR-3000 mm Newton force monitoring was adopted to
provide timely warning for the whole process of the “2019-
0728 landslide,” no casualties or property losses occurred.
The warning process not only verifies the NPR cable’s
mechanical properties of large deformation, high constant
resistance, and no tensile failure but also shows its wide
application value in strengthening, preventing, monitoring,
and warning of slope failure.

5. Conclusion

Based on the scientific concept of “predicting deep geo-
logical fault tectonic activity and controlling local geological
activity faults” as the core proposed by He Manchao, this
work aims to develop giant NPR anchor cables which can
stand a great deformation and a relatively stable fluctuation
of the constant resistance within a certain range. This study
is based on the NPR anchor cable with a deformation of
1000-2000 mm. The results of this work elucidate the
structure of the constant resistance body as follows:

(1) In order to increase the constant resistance, the
constant resistance body structure is modified and
three kinds of constant resistance bodies with new
characteristics can be obtained. Their characteristics
are the following: first-stage friction and second-
stage expansion constant resistance body; first-stage
expansion and second-stage expansion constant
resistance body; and first-stage expansion and sec-
ond-stage friction constant resistance body.

(2) The constant resistance of an NPR anchor cable is
related to the size of the constant resistance body.
Moreover, the fluctuation trend of the constant re-
sistance can be associated with the structure of the
constant resistance body.

(3) The constant resistance value of the giant NPR an-
chor cable with a deformation in the range of
3000-4000 mm is 550-723.7 kN, while the average
energy absorption is 1.57 x10°-2.75x10°] and the
maximum energy is 3.2 x 10°]. These measurements
were obtained via a static tensile test.

Shock and Vibration

(4) The monitoring results of a landslide at the Xiong-
jiashan quarry show that, with the adoption of a
monitoring and warning system for NPR Newton
force and proper analysis on the coupling moni-
toring curve, we can issue timely and effective
warning for the whole process of the landslide. It not
only verifies the NPR cable’s mechanical properties
of large deformation, high constant resistance, and
no tensile failure but also shows its application value
in strengthening, preventing, monitoring, and
warning of slope failure.

(5) The new constant resistance body is built in the NPR
anchor cable. Its resistance and its energy absorption
values are compared with the original values, and the
result demonstrates that the giant NPR anchor cable
shows superior mechanical properties upon the
static tensile test. This provides a reliable technical
support for the application of NPR anchor cables in
deep geological faults.
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