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Anchor cable failures due to dynamic loads are common in rock engineering. Traditional cables could 
be invalid to accommodate large displacement and deformation in geomaterials. Cable body failure 
often occurs due to limitations in mechanical characteristics and small deformation of traditional 
anchor cables. The new Negative Poisson’s ratio (NPR) cable has the mechanical properties of high 
strength, toughness, and impact resistance due to its special structure. This study investigated the 
response of NPR cable anchorage systems under dynamic loading through laboratory tests and 
numerical modeling. The dynamic pull-out tests on NPR cable under drop hammer loading were 
conducted to examine the behavior of dynamic perturbation mitigation. To investigate the intricate 
NPR cable-rock interaction, a coupled model utilizing the distinct element method (DEM) and the 
finite difference method (FDM) was established. The NPR cable was encircled by grouted concrete and 
sandstone modeled with discretized particles using the distinct element method. The numerical results 
and the NPR cable-rock interaction under dynamic loading were carefully analyzed and discussed. 
The NPR cable-rock interaction, including the relative sliding displacement between the cone and 
the pipe, the accumulated relative sliding displacement between the cone and the pipe, the radial 
displacement of the pipe, and the contact forces of concrete and rock, were carefully studied through 
numerical simulation. Furthermore, a microscopic analysis was conducted to investigate the failure 
modes exhibited by the grouting material and the surrounding rock. Finally, NPR cables are utilized 
to reinforce the slope stability in open-pit mines. Their applications demonstrate that NPR cables can 
mitigate slope failures and play a crucial role in anticipating and providing timely warnings of slope 
instability, alongside a comprehensive slope stability monitoring system. This study offers valuable 
insights that can contribute to predicting and enhancing the performance of NPR cables in mitigating 
the effects of dynamic disasters.
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Anchor cable is an effective and widely applied supporting technique in geotechnical engineering1,2. In 
rock engineering, rock cables are commonly employed as a means to ensure the stability and integrity of 
geo-bodies3–5. They can be categorized into strength, ductile, and energy-absorbing cables according to the 
classification of Li6. Strength and ductile cables provide a high load-bearing capacity or good ductility, while 
energy-absorbing cables possess exceptional strength and remarkable deformation capacity, making them ideal 
support equipment. Various energy-absorbing bolts have been developed, such as the Cone bolt7, the Garford 
Dynamic Solid Bolt8, Roofex Bolt9, and the D-bolt10 J-bolt11. Furthermore, an innovative energy-absorbing 
cable/bolt with both constant resistance and large deformation capabilities, featuring a unique negative Poisson’s 
ratio (NPR cable/bolt)12has been designed, and a large number of indoor experimental tests13,14 and in situ 
tests15 have been performed on NPR cables/bolts, concluding that they can maintain almost constant resistance 
during elongation16–18.

Rock cables typically endure three primary loading types: axial loading, shear loading, and a combination 
of both19. The axial loading of rock cables can be done statically and dynamically using the axial pull-out 
testing method both in-situ and in the laboratory20–23. Static shear loading can be achieved either through the 
single shear method or the double shear technique, depending on the availability of multiple joint faces for 
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shear testing24–26. Furthermore, it is of utmost significance to assess the efficacy of rock cables performance 
when subjected to dynamic loads, particularly during seismic events, explosive activities, and rock burst19,27. 
Drop hammer test23,28–30 and the modified Split Hopkinson Pressure Bar (SHPB) test16, as a dynamic testing 
technology, have been widely utilized for evaluating the performance of supports.

However, the NPR cable–rock interaction exhibits significant differences compared to that of traditional 
cables. As a support system widely used in slope reinforcement16,31–33 and underground engineering12,34. The 
sleeve pipe of the NPR cable is encapsulated within the grouting material, resulting in its confinement within 
a borehole drilled into the rock mass. During the intrusion of the cone into the sleeve pipe, resulting in its 
tabular expansion, the cable’s surrounding environment experiences both shearing forces and substantial 
normal compression, along with circumferential extension. These combined effects have the potential to affect 
the development and evolution of the pull-out strength. Hence, its behavior under confining pressure and its 
interaction with the rock mass warrant careful investigation.

In describing the mechanical behavior of a cable reinforcement system, it is crucial to consider two distinct 
deformational characteristics: firstly, the brittle nature of the rock and grouting material, which exhibits discrete 
deformations during failure, such as crack rupturing, opening, and closing; secondly, the ductile nature of the 
cable body or its components, which undergoes continuous deformation under normal operating conditions35,36. 
The concurrent presence of these deformational characteristics strongly suggests the necessity of a suitable tool 
capable of interpreting both aspects in any endeavor to simulate the cable reinforcement system. The integration 
of the discrete-element method (DEM) and finite-difference method (FDM) emerges as a potentially promising 
strategy, wherein FDM handles the behavior of the cable, while DEM simulates the dynamics of the surrounding 
bodies37,38. Dong et al.39 introduced an innovative FEM/DEM coupled numerical method for analyzing the 
pull-out failure of corroded rock bolts. He et al.40 examined the dynamic response of the NPR anchor cable 
supporting the roadway under explosion conditions, employing a combined approach of the finite element 
method and the discrete element method. Li et al.35 employed a coupled FEM/DEM numerical method to 
examine the characteristics of the CRLD cable-rock interaction under static pull-out loading conditions.

The occurrence of landslides on an engineering scale is a typical dynamical phenomenon, which undergoes 
a transition from steady-state static deformations to dynamic slip or catastrophe, which is macroscopically 
realised as a sudden change in displacement and stress drop. The stability of slopes is often reinforced by anchor 
cables. While landslides are typical dynamic processes, the mechanical performance of anchor cables under 
dynamic conditions therefore plays a crucial role in mitigating landslide hazards. In view of the high strength 
and toughness exhibited by NPR cables under static loading conditions12–18, the present study was carried out 
to investigate their applicability in dynamic disaster control. In this paper, the response of NPR cables under 
dynamic loading is explored through drop hammer tests, and its mechanism of NPR cable-rock interaction 
under dynamic conditions is elucidated through a coupled DEM-FDM numerical approach, providing insights 
that help predict and refine the efficiency of NPR cables in mitigating dynamic hazards. Finally, a specific slope 
case is used to illustrate the effectiveness of NPR cables for reinforcement and early warning. The subsequent 
sections of this paper are structured as follows. In “Experimental results and numerical model”  section, 
drop hammer tests of NPR cables under dynamic loading are presented and the FDM model of the cables is 
validated. In “DEM-FDM coupled model and its calibration” section, the extended coupled DEM-FDM model 
and its validation are described in detail. In “Numerical results and discussions about the NPR cable-rock 
interaction”  section, the DEM-FDM numerical results are presented and an in-depth discussion of the NPR 
cable-rock interaction mechanism under dynamic loading is presented. In “Field application” section, an open 
pit mine uses NPR cables to improve slope stability, effectively predicting and issuing early warnings of potential 
slope tries. In “Conclusion” section provides the conclusions of this study.

Experimental results and numerical model
Drop-hammer impact experiments of the NPR cable
The drop impact test system comprises a steel frame with a vertical height of 7200 mm, an automatic sample 
delivery system, a hydraulic clamping device, a tension device providing a maximum impact height of 4000 mm, 
a drop hammer with a gravity of 53 kN, a hydraulic buffer system, and a control console, as depicted in 
Fig. 1. NPR cables exhibit a significant and consistent resistance while enduring substantial deformation, and 
the corresponding structure is shown in Fig. 2a. The components of the NPR cable are shown in Fig. 2b. A 
comprehensive list of the mechanical and geometric parameters is provided in Table 1.

For dynamic pull-out tests under drop-hammer impact loading, the NPR cable was installed vertically 
through the center hole of the hammer, and one end of the pipe was securely fastened to the test system’s top 
using appropriate holding equipment, as given in Fig. 3a. The hammer was uplifted to an impact height of 0.4 m 
using the takeup equipment tension device in Fig. 3b, and then dropped until it impacted the plate bottom to 
transfer the dynamic loads to the attached strands, as shown in Fig. 3c,d. It is noteworthy that lubricant oil was 
applied to the interface between the cone and pipe during the test to facilitate smooth sliding; the hammer 
impact height was counted from the plate but not the system bottom to ensure the same dynamic loads during 
dropping.

The dynamic pull-out tests were performed on identical NPR cable samples. According to Fig. 4a, taking the 
ideal result after 33 impacts as an example, the cones are extruded from the pipe. the relative sliding displacement 
between the cone and the pipe can be divided into four stages. The relative sliding displacement per impact 
increases sharply since the small-end diameter of the cone body is slightly smaller than the inner diameter of 
the pipe. Then, it decreases slowly when the tubular expansion occurs until it reaches a constant residual value 
(approximately 37 mm). The friction effect causes wear on the cone body, increasing the sliding displacement 
under the single impact loading (approximately 60 mm). With the increasing wear, the cone body is quickly 
hauled out of the pipe. According to Fig. 4b, the resistances against the dynamic impacts can be estimated as 420 
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kN and 320 kN, and the reduced cone-pipe contact area can lower the resistance when the cone intrudes into 
and extrudes from the pipe.

FLAC3D model of the dynamic pull-out tests for NPR cable
For large-scale laboratory tests, examining every contributing factor by repeating experiments and ensuring 
reasonable results are not feasible. Due to these considerations, numerical simulations were employed to gain 
insights and propose significant improvements to these models, which are presented here. FLAC3D software was 
utilized to simulate the NPR cable. Static pull-out tests were modeled, and the numerical outcomes were cross-
checked with experimental measurements to validate the physical parameters of the numerical model. Then, the 
drop hammer loads were estimated, and the dynamic pull-out tests were simulated. The numerical results of the 
simulated tests were validated in comparison to the experimental ones.

FLAC3D model of the NPR cable
The components of the NPR cable are presented in Fig. 5, and 11 points (A, B, C … K) were selected to track the 
evolution of radial displacements induced by the cone-pipe relative sliding. The material properties of the NPR 
cable were assumed to be isotropic, while the cone and strand were modeled as elastic materials. Furthermore, 
to describe the pipe’s perfect elastic-plastic behavior, the Mises yield criterion was implemented through the 
development and utilization of a corresponding dynamic link library (DLL). The interface attached to the pipe’s 
inner surface enables relative sliding between the cone and the pipe. The normal and shear stiffness of this 
interface were determined based on recommendations from Itasca41,42, considering the elastic moduli of the 
pipe and cone, as well as the size of elements in proximity to the interface. The interface’s behavior was then 
described using Coulomb sliding. As shown in Fig. 5, the end adjacent to the cone was constrained in the axial 
direction, while the distant end of the strand underwent a constant axial velocity of 20 mm/min until the cone 
was fully extruded from the pipe.

Table  2 lists the mechanical parameters of the NPR cable in the numerical simulation. Especially taking 
into account the mechanical and geometric parameters listed in Table 1, the friction angle of the interface was 
subjected to testing, as detailed in Table 2. More on the calibration of the parameters can be found in previous 
studies35. In the case of 8.5° friction angles, the constant resistance force sustained by the NPR cable was 500 kN, 
consistent with the static pull-out experimental results. In this case, the drawing force-axial displacement curve 
was numerically plotted during the static pull-out tests. A good agreement is observed after comparing it with 
the experimental results (Fig. 6). The drawing force rises linearly until it reaches 500 kN. It stays with the quasi-
constant value throughout the cone-pipe relative sliding stage and quickly vanishes due to the disengagement 
between the pipe and cone. The above describes the constant resistance and large deformation phenomena. It is 
noteworthy that the axial displacement observed in the experimental results is shorter than the measured pipe 
length of 2000 mm. This discrepancy is attributed to the initial footing of the cone within the pipe during its 
installation. According to the above analysis, the parameters in Table 1 are validated for further investigation, 
considering the dynamic loading.

Fig. 1.  Dynamic pull-out test system with drop hammer.
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Mechanical 
parameters Geometric parameters (mm)

E (GPa) 206 Pipe Cone body Strand

v 0.28 Outer diameter Inner diameter Length Large-end diameter Small-end diameter Length-1 Length-2 Diameter Length

σs  (MPa) 730 121 87 2,000 93.5 83 85 25 22.4 2,800

Table 1.  Mechanical and geometric parameters of the NPR cable.

 

Fig. 2.  (a) Structure scheme of the NPR cable, (b) component of the NPR cable.
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Numerical simulation of the dynamic pull-out tests
Based on the above-mentioned numerical model, the dynamic loading induced by the drop hammer can be 
estimated using the following expression43,44:

	
A (t) =

{
1
2 A0

[
1 − cos

(
2πt

τ

)]
t0 < t < τ + t0

0 t < t0, t > τ + t0
� (1)

 

where Ao represents the amplitude of the impulse, τ  denotes the impulse duration, f = l/τ  represents the frequency, 
and t0 the pulse starting time. Based on energy principles, in line with a dynamic loading corresponding to 
an impact height of 0.4 m, the parameters are determined as follows: A0 = 7.61 × 106 kPa and f = 100 Hz. 
Figure 7 illustrates the corresponding axial displacement histories tracked at the strand end during the first drop 
hammer impact loading. The axial displacement remains at about 23 mm after oscillations.

Based on the established NPR cable FDM numerical model, further numerical simulations of pull-out under 
dynamic conditions were carried out. According to Fig. 8a, after dynamic loading on the far end of the strand, 
the average cone-pipe relative sliding under one impact is about 22.5 mm, less than the reduced constant residual 
value (approximately 37 mm) at stage II in dynamic pull-out tests. The reasons can be divided into the following 
two aspects. On the one hand, although the lubricant oil was manually spread on the inner pipe wall to ensure 
relative sliding, this practice cannot guarantee absolute uniformity and moderation. On the other hand, the cone 
wears away due to the friction effect, and the contact area between the cone and the pipe undergoes a continuous 
reduction. This may be an important reason for the second plateau period as well as the final mutation of relative 
sliding displacement during the indoor test. Ideally, however, the relative sliding displacements should be close 
for each impact as long as the relative sliding displacements do not exceed the total length of the sleeve pipe, 
as shown by the numerical simulation results in Fig. 8a. After eliminating the disturbances from the factors of 
operators and materials, a consistent tendency between the dynamic pull-out tests under the drop hammer 
loading and its simulation is observed in Fig. 8a. Radial displacements at different pipe positions are shown in 
Fig. 8b. In drop hammer impact tests, 18 monitoring points (1–18) with an interval of 100 mm were set on the 
outer pipe surface, as presented in Fig. 8c. The deformation in both directions was obtained by measuring the 
x-x and y-y dimensions before and after the indoor experiment. The radial displacement was calculated in the 
numerical simulation by setting 11 monitoring points (A–K) on the outer pipe wall, as demonstrated in Fig. 8c. 
By comparing the test results in Fig. 8b, the radial displacement in the numerical test (approximately 2.7 mm) 
is slightly smaller than the lab test results of the first 11 dynamic loads due to the isotropic material property. In 
addition, the radial displacement in the laboratory test is discrete, arising from the reasons mentioned above and 
the anisotropic property of the pipe. Particularly following the 12th monitoring point, a substantial reduction 
in the radial displacement of the pipe is observed, attributed to the diminished contact area between the cone 
and the pipe.

The dynamic model of the NPR cable was validated. In the next Sections, the DEM-FDM coupled model will 
be presented, followed by the investigation into the NPR cable-rock interaction and the anchorage mechanisms.

DEM-FDM coupled model and its calibration
To investigate the interaction between NPR cables and rocks under dynamic conditions, a combined DEM-
FDM approach was utilized, integrating the DEM code PFC3D 5.0 with the FDM code FLAC3D 6.0. The adoption 
of the explicit solution scheme and mixed discretization zoning enables FLAC3D to model continuum media 

Fig. 3.  Process of the dynamic pull-out test for the NPR cable. (a) Installation of the sample, (b) uplift of the 
hammer, (c) free fall of the hammer, (d) dynamic impact and elongation of the NPR cable.
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using various constitutive models. In PFC3D, the currently adopted medium comprises spherical particles 
bonded together with a parallel bond model45,46. No meshing or constitutive models as employed in FLAC3D are 
required. The coupling scheme establishes an interface between the codes, facilitating the coordinated exchange 
of static and kinematic quantities within a unified physical time step. The induced pressures are relayed to PFC3D 
as boundary velocities. Subsequently, PFC3D undergoes its computational cycles and transmits the resulting 

Fig. 4.  Experimental results of the laboratory dynamic pull-out tests for the NPR cable. (a) Relative cone-pipe 
sliding against impact time under drop hammer loadings; (b) amplitude of dynamic loading against relative 
cone-pipe sliding curves.
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boundary forces back to FLAC3D. This iterative process of transferring data back and forth between the codes 
continues until an equilibrium state is achieved37,47,48.

DEM-FDM coupled model
In the practical scenarios, the cable reinforcement system involves the cable, rock and anchorage agent in 
between39,49,50. A coupled DEM/FDM model was formulated to investigate the NPR cable-rock interaction, as 
depicted in Fig. 9a. The NPR cable was encircled by grouted concrete and sandstone, and their thicknesses are 
14.5 mm and 136.74 mm, respectively. To achieve acceptable computational time, the concrete and surrounding 
rock near the cone were modeled by DEM (axial length of 300 mm) and FDM (axial length of 1700 mm), as 
illustrated in Fig. 9b.

The DEM part contains 185,492 particles exhibiting a uniform distribution, and their radii for the concrete 
and sandstone are 1.55–2.59 mm and 2.80–4.66 mm, respectively. The radial velocities of outer layer grid points 
of the FDM body were fixed, and a settled wall bonded the surface particles of the DEM body. The far end of the 
strand was subjected to dynamic loading according to Eq. (1).

Mechanical parameters and calibration in DEM
The initial step towards conducting a reliable numerical analysis involves identifying model parameters that 
facilitate the attainment of reasonably global behavior. The macro-mechanical parameters of sandstone were 
determined by the uniaxial compressive tests in the laboratory, and concrete C30 is listed in Table 3 from the 
Technical Code for Building Slope Engineering (GB 50330–2013) of China.

To calibrate and validate the micro-parameters of rock and concrete within the Discrete Element Method 
(DEM) framework, uniaxial compression and tension tests are conducted. The cylinder DEM model with a 
uniform radius distribution of particles was installed, with the same particle radii as the coupled DEM-FDM 
model of the NPR cable reinforcement system. In the uniaxial compression test, the top wall was loaded with an 
axial velocity of 0.004 mm/min (or −0.004 mm/min for the uniaxial tensile test), and the bottom one was frozen. 

Elastic-plastic parameters

Yong’s 
modulus 
(GPa)

Poisson’s 
ratio

Tensile 
strength 
(MPa)

206 0.28 730

Frictional angle (°) 27 17 12 9 8.5 7

Constant resistance force (kN) 1,200 860 620 540 500 420

Table 2.  Mechanical parameters of the NPR cable.

 

Fig. 5.  Numerical model of the NPR cable: interface attached on the inner surface of the pipe and boundary 
conditions (vy is the velocity in axial direction).
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After calibrating based on the uniaxial compression tests, the numerical values of the modulus and strength 
for the sandstone and concrete coincide well with the experimental calculations. The enumeration of micro-
parameters of parallel bonds in Table 4 is consistent with that of the macro-mechanical parameters in Table 3. 
Earlier research35 has introduced the specific verification process.

Cementation on pipe-concrete interface
The pull-out strength of all cables/bolts is mainly determined by the bonding strength τf  and the bonding area 
2πrl and can be expressed using 2πrlτf . In the NPR cable reinforcement system, the surrounding sandstone 
is classified as hard rock in line with the specification of C30 concrete, and τf  can be considered 1300 kPa. 
For this bonding strength, two micro-parameters need calibration for the pipe-concrete interface due to the 
rock and anchorage agent simulated by DEM and FDM. In the DEM-FDM and FDM models for static pull-
out tests, the sandstone and concrete have radial thicknesses of 14.5 mm and 76.25 mm respectively, with a 
length of 300 mm for both. The cable for pull-out tests was modeled using a cylinder with the same radius of 
60.5 mm and a length of 500 mm to simulate the pipe-concrete interface of coupled FDM-DEM model in NPR 
cable reinforcement system. The axial velocities were restrained in the far end of the sandstone, and the radial 
movements were fixed on the outer circumferential surface in both pull-out models. Furthermore, a consistent 
velocity of 20 mm/min was imposed on the distal end of the cable. The residual strength closely approximates 
9 kN, which aligns with the frictional angle of 15o as indicated in Table 6. The contact parameters on the pipe-
concrete interface in DEM-FDM and FDM models are illustrated in Tables 5 and 6. In a prior study, detailed 
information regarding mechanical parameters and the calibration process for micro-mechanical parameters 
within the Discrete Element Method (DEM) has been provided35.

Numerical results and discussions about the NPR cable-rock interaction
Based on the validated mechanical parameters, the numerical dynamic pull-out tests of the NPR cable with 
surrounding rock were performed under drop heights of 0.2 m, 0.4, m and 0.6 m. For dynamic loads generated 
at 0.2  m and 0.6  m, the corresponding parameters were determined as: A0 = 5.08 × 106 kPa, f = 100 Hz 

Fig. 6.  Experimental and numerical drawing forces against axial displacement.
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(0.2 m) and A0 = 9.14 × 106 kPa, f = 100 Hz (0.6 m), respectively. The NPR cable-rock interaction, including 
the cone-pipe relative sliding displacement, the accumulated cone-pipe relative sliding displacement, the radial 
displacement of the pipe, the contact force of the concrete and rock, and the failure pattern of the concrete and 
surrounding sandstone, were investigated numerically in this section.

Relative sliding displacement of cone pipe
Different heights of the drop hammer represent varying impact loads, and the relative displacement between the 
cone and pipe also changes with the heights. For calculation cost, the DEM-FDM coupled model was subjected 
to 15 times dynamic loading with three drop hammer heights, as illustrated in Fig. 10a. After the 15th dynamic 
loading under different height conditions, the cumulative sliding distances of the cone are 202.9 mm, 343.2, 
mm and 440 mm, respectively. The relative sliding displacement between the cone and pipe under each impact 
load is significantly different due to the varying heights, as shown in Fig. 10b. It can be found that the relative 
displacement generated by the first three impact loads is relatively large since the front end of the cone is slimly 
smaller than the inner diameter of the pipe, and the cone does not fully contact the inner pipe wall. As the 
impact loading progresses, the cone is fully compressed and squeezed into the pipe. The relative sliding distances 
between the cone and pipe under 0.2 m, 0.4 m, and 0.6 m drop hammer heights remain constant, approximately 
12 mm, 21 mm, and 31 mm, respectively.

The radial displacement of the pipe
The radial displacement was obtained by setting 11 monitoring points (A–K) in Fig. 8c on the outer pipe wall 
under three drop heights. The average radial displacement of the outer surface corresponding to the drop heights 
of 0.2 m, 0.4 m, and 0.6 m is 2.2 mm, 2.4 mm, and 3.0 mm, respectively.

It can be seen from Fig. 10a that the cone’s moving distances after 15 impacts with different drop heights 
are 198.9 mm, 341.2 mm, and 437 mm, respectively. It should be noted that the starting coordinate of the pipe 
is 72 mm, and the ending coordinate of the surrounding rock simulated by DEM is 372 mm. The cone was 
positioned in the middle of the pipe after the 15th impact load with a drop hammer height of 0.2 m, and the 
impact load exerted a minimal influence on the rear section of the pipe. The radial displacement after the F 

Fig. 7.  The histories of impact force and axial displacement at the strand’s end during the initial drop hammer 
impact.
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monitoring point is significantly reduced to 0. For the remaining two drop hammer heights, a consistent radial 
displacement was observed at each monitoring point located on the outer wall of the pipe as illustrated in Fig. 11.

Failure pattern of the concrete and surrounding sandstone
This subsection elucidates the micro-scale evidence to interpret the failure pattern and mechanism in the pipe’s 
surrounding materials. We focus on the state of the end of the 8th dynamic impact under different drop hammer 
heights. Taking the front-end position of the impacted cone as a reference, the midpoints of four measurement 
volumes were selected at distances of 25 mm, 50 mm, and 110 mm. Each measured volume is a slice with a 

Fig. 8.  Comparison between simulation result and experimental results. (a) Relative cone-pipe sliding against 
impact time under drop hammer loadings; (b) radial displacement on the outer wall of pipe at different 
monitoring points; (c) monitoring points situation on the outside surface of pipe.
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thickness of 1.5 times the Dconcrete
50 , where Dconcrete

50  represents the mean diameter of concrete particles, and 
it is oriented perpendicular to the y-axis.

The average contact stress σ̄n =
∑

c
|σc

n| /Nc (σc
n represents the normal contact stress and Nc signifies the 

contact force) serves as a benchmark for evaluating the average normal stress within a sample volume. Regarding 
the height of three falling weights, the coordinates of the midpoint position of these measured volumes are: Y1 = 
102 mm, Y2 = 127 mm, Y3 = 157 mm and Y4 = 212 mm (0.2 m); Y1 = 181 mm, Y2 = 206 mm, Y3 = 236 mm 

Fig. 9.  Coupled DEM-FDM model of NPR cable reinforcement system. (a) The overview in 3D and (b) the 
profile in axial direction.
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and Y4 = 291 mm (0.4 m); Y1 = 236 mm, Y2 = 261 mm, Y3 = 291 mm and Y4 = 346 mm (0.6 m), respectively. 
Specifically, Y1 refers to the coordinates of the front end of the cone after the 8th dynamic impact.

 In Fig.  12, the force networks are presented, with red branches representing tensile stresses and black 
branches representing compressive stresses. The average thickness of the branches indicates the magnitude of 
the average normal stress σ̄n. In other words, a greater normal stress will produce thicker branches. The level 
of transparency in the visualization signifies the distance in the y-direction between the contact point and the 
midpoint of the respective measured volume. Regarding the evolution of the force networks, tensile stress is 
primarily distributed along the circumferential direction within the concrete and rock.

Field application
Nanfen opencast iron mine, situated in the Taizihe depression on the northern margin of Yingkou-Kuandian 
uplift within the Liaodong platform of the North China Platform, holds the distinction of being the largest single 
opencast iron mine in Asia. The orebody, embedded within the iron-bearing rock section of the Archean Anshan 
Group, exhibits a monoclinic structural formation. The footwall slope of the mining area belongs to a stone 
bedding slope, and nearly 60 landslides have occurred since 1964, forming an old landslide body with an area of 
about 110,000 m3, which seriously threatens the safe mining of the mine51.

The mining area has a bottom elevation of 160  m, while the elevation of the footwall slope near the pit 
wall is approximately 694 m, resulting in a high and steep slope with a height difference of about 534 m. The 
slope angle of this steep formation ranges from 46° to 54°. The rocks of the landslide body are mainly chlorite 
amphibole schist. Under natural moisture conditions, the uniaxial compressive strength is about 59.2 MPa, but 
under saturated conditions (continuous water absorption for 8 days), the uniaxial compressive strength drops 
to 22.71 MPa, demonstrating that water has a significant impact on the strength loss of this type of rock. During 
calibration efforts, it is crucial to accurately determine the geological and structural characteristics of this unique 
mining environment to ensure the reliability and safety of mining operations.

A landslide is a sliding phenomenon that occurs when the rock and soil mass of a slope slides along a 
continuous shear failure surface. Under the influence of landslide shear forces, conventional anchor bolts and 
cables, due to their limited extensibility, are highly prone to tensile failure. The aforementioned experimental 
studies and numerical analyses have demonstrated that NPR anchor cables possess exceptional mechanical 
properties that enable them to endure large deformations in rock masses under high constant resistance. 
Therefore, in open-pit mine slope engineering, by installing mechanical sensors with BeiDou satellite remote 

Detachable linear set Bonding set

Effective modulus E∗  
(GPa)

Stiffness ratio 
kn/ks Friction angle∅ (◦)

Effective modulus 
Ē∗  (GPa)

Stiffness ratio 
k̄n/k̄s

Tension 
strength σ̄c  (MPa) Cohesion c̄ (MPa)

Friction 
angle ∅̄ 
(◦)

0.498 3.7 15 0.498 3.7 3.0 1.32 30

Table 5.  Contact parameters on the interface between pipe and DEM concrete.

 

Stiffness-normal (GPa/m) Stiffness-shear (GPa/m) Tension strength (MPa) Cohesion (MPa)
Friction angle 
∅̄(◦) Cohesion (MPa)

8.5 3.7 1.92 1.92 15 0

Table 6.  Contact parameters on the interface between pipe and FDM concrete.

 

Layers

Detachable linear set Bonding set

Effective modulus 
E∗  (GPa)

Stiffness ratio 
kn/ks

Friction angle 
∅ (◦)

Effective modulus 
Ē∗  (GPa)

Stiffness ratio 
k̄n/k̄s

Tension 
strength ̄σc (MPa) Cohesion c̄ (MPa)

Friction 
angle ∅̄ 
(◦)

Sandstone 19.16 3.5 30 19.16 3.5 16.0 20.0 40

Concrete 4.98 3.7 15 4.98 3.7 3.0 10.0 30

Table 4.  Micro-parameters of DEM contacts.

 

Young’s modulus (GPa) Poisson’s ratio Compression strength (MPa) Cohesion (MPa) Frictional angle (°)

Sandstone 29.4 0.25 147.0 20 40

Concrete 7.5 0.17 30.0 10 30

Table 3.  Macro-mechanical parameters of sandstone and concrete C30.
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communication capabilities at the free end of NPR anchor cables, NPR anchor cables have the potential to 
emerge as a comprehensive technology that integrates monitoring, early warning, and control into a single 
system.

To investigate the utilization of NPR cable in the integrated technology of monitoring, warning, and 
controlling slope stability in open pit mines, taking into account the structural characteristics and dimensions of 
the landslide body at the stope footwall of the Nanfen iron open pit, we have installed 30 NPR cable sliding force 
monitoring stations and 2 GPS surface displacement monitoring stations on the landslide. In Fig. 13, the dots 

Fig. 10.  The cone-pipe sliding displacement: (a) the cone-pipe cumulative sliding displacement; (b) the cone-
pipe relative sliding displacement.
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represent the deep sliding force monitoring points, while the yellow triangles indicate the initial GPS surface 
displacement monitoring points. Figure 14 depicts the cross-sectional features along the A–A’ section line within 
the monitored area.

In early October 2011, the system provided an early warning for the impending “Rockslides 1005” near 
monitoring point No. 334-4, accurately predicting the event five days before it occurred. A qualitative analysis 
of the sliding force curve (depicted as the red curve) within the coupled monitoring data reveals that the NPR 
cable system is capable of offering advance notification throughout the entire progression of “Rockslides 1005”, 
as shown in Fig. 15. The detailed analysis is outlined below.

Prior to October 1, the monitoring sliding force curve within the No. 334-4 NPR coupling system exhibited 
minimal variations, remaining within acceptable error margins, indicating a level and relatively stable slope 
condition (blue stable signal). However, on October 1, the sliding force monitoring curve displayed a marked 
upward trend, despite no apparent cracks or slips detected on the ground surface. By October 2, the sliding 
force monitoring curve accelerated its upward trajectory, registering an increment of approximately 300 kN. 
A subsequent inspection revealed the emergence of numerous micro-fractures on the 322–334 m bench of the 
stope footwall. These fractures ranged in width from 15 to 40 cm and length from 1.5 to 5 m.

At 2:15 pm on October 3, the sliding force monitoring curve continued to rise rapidly. After a thorough 
site assessment, it was noted that on the 322 m bench where an excavator was operating. Micro-cracks on the 
322–334 m bench slope extending from 3 to 9 m in length and 25 to 120 cm in width. Due to the sliding force 
increment reaching 400 kN, the monitoring system automatically triggered a yellow early warning signal (sub 
stability warning), based on the established warning criteria. Prompt action was taken to evacuate personnel 
and equipment from the hazardous area, halting mining operations to avert potential dangers. Later, at 14:20 pm 
on the same day, the coupling monitoring curve indicated that the sliding force increment had escalated to 800 
kN, prompting the monitoring system to issue an orange warning (near sliding warning) in accordance with the 
warning criteria.

On October 4, the sliding force monitoring curve witnessed a continued yet relatively subdued rise, ultimately 
reaching an increment of 1000 kN. Promptly, the monitoring system activated a red warning, signaling an 

Fig. 11.  The radial displacement on the outer wall of the pipe.
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Fig. 13.  Distribution characteristics of monitoring points.

 

Fig. 12.  Force network (depicted in terms of stress) in four measured volumes.
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imminent sliding threat. Fortunately, swift evacuation of personnel and equipment prevented any casualties or 
property damage. The following day, at 19:00 on October 5, heavy rains lashed the Nanfen open-pit iron mine, 
accumulating approximately 31.8 mm of rainfall in just three hours. Shortly after, at 20:00, the sliding force curve 
in the coupling monitoring system underwent a sudden and significant drop, with the sliding force plunging 
from 1700 to 1400 kN. On October 6, at 9:00, we observed a landslide on the 322–358 m bench. The sliding mass 
exhibited a vertical height difference of approximately 36 m and a length spanning roughly 50 m from south to 
north. The characteristics of this landslide are depicted in Fig. 15.

The implementation of the NPR cable sliding force monitoring warning system for “Rockslides 1005” has 
resulted in a significant achievement: no casualties or property losses were incurred due to its timely alerts 
throughout the entire event.

Conclusion
In this paper, the investigations describe the dynamic response of NPR cable under dynamic pull-out loading 
using experimental and numerical methods, reveal its interaction mechanism with rock, and can help predict 
and improve the performance of NPR cable in mitigating dynamic disasters, for example, the earthquake, 
explosion, and rock burst. The field application of the NPR cable sliding force monitoring warning system is 
carried out. The conclusions from this study are as follows.

	(1)	 An introduction to the components of the drop hammer impact test system and the NPR cable is provided. 
Through the impact test with 0.4 m drop hammer height, the cone-pipe relative sliding displacement, the 
impact load intensity, and the radial deformation on the outer surface of the cone pipe after each impact is 
obtained.

	(2)	 Dynamic pull-out test results under drop hammer impact loading and numerical outcomes of the DEM-
FDM coupled NPR reinforcement system model are discussed and analyzed as follows: First, the evolution 
of cone-pipe relative sliding displacement and radial displacement distribution of pipe outer surface in drop 
hammer impact tests are evaluated. Second, the cone-pipe relative sliding displacement under three falling 
hammer heights (0.2, 0.4, and 0.6 m) is obtained. Third, the penetration of cone body negatively impacts 
the contact with the front rock. Fourth, we delved into the failure mode and radial displacement field of the 
concrete and the surrounding sandstone microscopically.

	(3)	 The landslide monitoring results from the Nanfen iron open pit demonstrate that the NPR cable’s excep-
tional mechanical properties, such as its capacity for significant deformation, high constant resistance, and 
resilience to tensile failure, were thoroughly validated. Additionally, this exercise underscores the tremen-

Fig. 14.  Schematic diagram of A-A’ cross section.
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dous potential of NPR cable in enhancing, preventing, monitoring, and providing early warnings for slope 
failures in open pit mines.

Data availability
Data will be made available on request. Please contact the corresponding author.
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