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Abstract
With the continuous increase of mining depth and engineering burying depth, the nonlinear physical and
mechanical phenomena exhibited by rock are also more complicated. The load value often exceeds the
yield strength of the traditional Poisson's ratio supporting materials, causing the supporting body to fail.
Therefore, the bolt still needs to further in-depth research on new materials. In this paper, the rock model
with a negative Poisson’s ratio bolt had been established, the material properties of negative Poisson’s
ratio and the working principle of RFPA software were introduced, and RFPA software was used to study
the reinforcement effect of negative Poisson's ratio bolt on the rock. The numerical experiment results
show that, compared with the positive Poisson's ratio bolt, the negative Poisson's ratio bolt can
signi�cantly increase the bearing capacity of anchored rock, enhance the friction between the bolt body
and the surrounding rock, and limit the rock movement. The anchored rock with negative Poisson’s ratio
bolt can absorb more energy. Negative Poisson's ratio material is one of the future development
directions of bolt material.

1. Introduction
Bolt is a kind of supporting body that transmits tensile load to the stable rock layer to improve the
stability and strength of the rock medium, bolt has a lower cost in terms of material and manpower, so it
has been widely used in mining, transportation, water conservancy and urban underground space
engineering [1–4]. With the development of rock anchoring problems in the direction of "large, deep and
di�cult", sudden engineering disasters and major malignant accidents caused by nonlinear large
deformation damage have occurred frequently in recent years. The reason for these problems is that the
traditional supporting materials including traditional bolts, anchor cables, U-shaped steel brackets and
other traditional supporting materials frequently fail [5–6]. One of the root causes is that the materials of
these supporting bodies belong to the traditional Poisson's ratio materials, i.e. plastic hardening
materials, which instantly reach the yield strength and lose the bearing capacity under a large load,
leading to failure of the support [7–10].

The Poisson's ratio ν is �rst discovered and proposed by French scientist Poisson (Simon Denis Poisson,
1781–1840). Poisson’s ratio is also called the transverse deformation coe�cient, which refers to the
absolute value of the ratio of the transverse normal strain to the axial normal strain when the material is
subjected to uniaxial tension or compression. It is the elastic constant re�ecting the material transverse
deformation. Expressed by the formula as ( is transverse normal strain, is axial normal strain). Common
materials shrink in the vertical cross-sectional direction when they are stretched (see Fig. 1a), but expand
in the direction perpendicular to the section when they are compressed by external force. It is generally
considered that almost all materials have a positive Poisson's ratio, such as the Poisson's ratio of rock is
generally 0.2 to 0.3, wood (along grain) is 0.05, concrete is 0.16 to 0.18, and alloy steel is 0.25 to 0.30
[11].
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According to thermodynamic theory, the Poisson's ratio of isotropic material ranges from − 1 to 1, so there
are negative Poisson's ratio materials in theory [11, 12]. Lakes was the �rst to obtain a new type of
material of a concave unit structure with a Poisson's ratio − 0.7 in a series of treatments of ordinary
polyurethane foam in 1987 [13]. This also means that when the material is subjected to axial tension, it
will occur lateral expansion deformation (see Fig. 1b). This kind of auxetic behavior greatly improves the
material mechanical properties such as shear modulus, fracture toughness, energy absorption and
indentation resistance. In addition, negative Poisson's ratio materials have a good stress dispersion
effect, a very high shear modulus and a very low bulk modulus [14–17]. Because negative Poisson's ratio
materials have stronger physical and mechanical properties than positive Poisson's ratio materials, they
can be identi�ed as structural materials and functional materials at the same time. Therefore, they have
broad application space in the �elds of biomedicine, automobile industry, textile, human body protection
and national defense technology [18–20].

Because the physical and mechanical parameters of different experimental samples have a certain
degree of discreteness, it is basically impossible to change only one physical and mechanical parameter
of the experimental sample while keeping other physical and mechanical parameters the same in indoor
and outdoor comparative experiments [21, 22]. However, the numerical experiment method can be used to
quickly adjust the parameters, and load in various directions can be applied arbitrarily, so that only one
parameter can be changed under the condition that other parameters remain unchanged, so as to ensure
the accuracy of the comparison results. In addition, the numerical experiment method adopted in this
paper can take into account the heterogeneity of the rock and the complex stress conditions, so this
method has strong applicability.

Based on the special mechanical properties of negative Poisson's ratio material, as well as the
advantages of numerical experiment method, we used RFPA software to study the failure characteristics
of anchored rock with negative Poisson's ratio bolt. The similarities and differences of stress,
displacement and acoustic emission (AE) of anchored rocks with positive Poisson's ratio bolt and
negative Poisson's ratio bolt had been compared and analyzed.

2. Negative Poisson'S Ratio Material Properties
Since Dr. Lakes �rst pointed out in 1987 that a material with a cellular structure can produce negative
Poisson's ratio during deformation, a large number of negative Poisson's ratio materials and structures
have been discovered, synthesized and prepared, ranging from molecular microscopic scale to macro
structure scale [23–27]. Figure 2 shows negative Poisson's ratio materials at different scale levels. The
structure of negative Poisson’s ratio materials is also diverse, including negative Poisson’s ratio foam
structure, concave porous solid structure, microscopic negative Poisson’s ratio structure, negative
Poisson’s ratio composite structure, etc. [28–31]. In recent years, a large number of Poisson's ratio
materials/structures have been discovered and prepared. According to the current research results,
negative Poisson's ratio materials/structures can be divided into two categories: natural materials and
arti�cial materials, as shown in Table 1 [18].
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Table 1
Classi�cation of negative Poisson’s ratio materials

Types Material name

Natural

materials

Pyrite, monocrystalline materials such as arsenic and

Cadmium, natural silicate dips-quartz, stripa granite,

avesta gneiss, the skin of cats, salamanders, some cancellous bone of human leg

Arti�cial

materials

Wedge-shaped graphite block, in-concave cell structure

polyester foam, te�on, ultra high molecular weight

Polyethylene, metal foam composite material, nylon and polyester

Negative Poisson's ratio material can improve the service performance of the structure by designing the
mechanical properties of the structure [26, 30]. The elastic properties of material can be expressed by four
elastic constants in elastic theory, namely Young's modulus E, shear modulus G, bulk modulus K and
Poisson's ratio ν. These four constants are not independent of each other for isotropic material, they are
related to each other by the following equation: G = E/(2(1 + ν)) and K = E/(3(1–2ν)) Many materials
require G to be larger than K. If we change ν by changing the microstructure of the material under the
condition that the E of the material remains unchanged, we can change the values of K and G. For
example, when ν is reduced to -1, a shear modulus that is much higher than a bulk modulus can be
obtained. In other words, the material is not prone to shear deformation but prone to volume changes.

3. Introduction To Rfpa Software
In 1995, Professor Tang proposed a new numerical simulation software named RFPA (Realistic Failure
Process Analysis) [32]. RFPA software is a numerical experiment tool that can simulate the progressive
failure process of material. The calculation method of this software is based on �nite element theory and
statistical damage theory. This method has considered the non-uniformity of material properties and the
randomness of defect distribution, and combined the statistical distribution assumptions of this material
property into the numerical calculation method (�nite element method). The elements which satisfy the
given strength criterion are destroyed, so that the numerical simulation of the failure process of
heterogeneous materials can be realized. Due to the unique calculation and analysis method of RFPA
software, it can solve most problems that cannot be solved by other simulation software in geotechnical
engineering.

RFPA software work�ow is mainly completed by the following three parts [33–36]:

Solid modeling and meshing. The user selects the element type (solid, support or cavity), de�nes the
mechanical properties of the medium, and performs solid modeling and mesh generation.
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Stress calculation. According to the boundary conditions and loading control parameters inputted by
users, as well as the input element property data, the stiffness matrix is formed, and the �nite element
calculation results (stress, node displacement) are solved and output.

Element phase change. Perform phase change judgments on the results produced by the stress solver
according to the phase change criteria, and then weaken or rebuild the phase change primitives, �nally
form the data �les required for the iterative calculation of the stiffness matrix.

The entire work�ow can be seen in Fig. 3. For each given displacement increment, RFPA software �rst
perform stress calculation, and then check whether there are phase change primitives in the model
according to the phase change criterion. If there is no phase change element, this software will continue
loading to add a displacement component and proceed to the next step of stress calculation. If there is a
phase change element, the stiffness will be weakened according to the stress state of the element, and
then the stress calculation of the current step is performed again until no new phase change element
appears. The above process is repeated until the applied load, deformation or macro fracture of the whole
medium is reached. Full load is used for each step of the stress calculation and the calculation steps are
independent of each other during the execution of the RFPA system.

4. Numerical Model
In order to study the negative Poisson's ratio effect of the bolt, a numerical model has been established
(see Fig. 4). The one-dimensional coordinate system is established along the axial direction of bolt for
convenience of marking, and the origin O of the coordinate is located on the upper side of bolt. The
overall size of the model is 2000 × 1500 mm, and the number of divided units is 400 × 300. The bottom
side of this numerical model are �xed. Displacement compression load is applied to the left and right
sides of the model, and the displacement increment is 0.002 mm. The tensile load is applied to the upper
end face of bolt, and the displacement increment is also 0.002 mm. The bolt size is 1000 × 20 mm, which
is located in the transverse middle of this model. Three points A, B and C are marked along the left
boundary of the bolt to analyze the lateral displacement of the rock. The coordinates of the above three
points along the axial direction of the bolt are 250 mm, 500 mm and 750 mm respectively. The physical
and mechanical parameters of rock mass and bolt are shown in Table 2. At the same time, the numerical
model of the bolt with positive Poisson's ratio is established. The Poisson's ratio of the bolt with positive
Poisson's ratio is 0.3, and the other physical and mechanical parameters are the same as that of the bolt
with negative Poisson's ratio. The anchoring effect of two kinds of bolts is compared and analyzed.
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Table 2
Physical and mechanical parameters of the

rock and bolt
Parameter Rock Bolt

Inhomogeneous index 2 200

Strength (MPa) 150 345

Young’s modulus (GPa) 20 210

Poisson’s ratio 0.2 0.3

Density (kg/m3) 2250 7800

Friction angle (°) 55 30

5. Numerical Experiment Results

5.1 Displacement change analysis
As shown in Fig. 5, the displacements of points A, B, and C of anchored rock with negative Poisson's ratio
bolt all increase linearly under the action of external force, the slopes of displacement curves are the
same. As shown in Fig. 6, the displacement values of three points are 1.42932, 1.40181 and 1.40631 mm
respectively after the negative Poisson's ratio bolt is broken. Under the action of external force, the
displacements of points A, B, and C of the anchored rock with positive Poisson's ratio bolt also show a
linear increase, and the change trend of displacement curves is basically the same. The displacement
values of three points are 0.42189, 0.42212 and 0.42112 mm respectively after the positive Poisson's
ratio bolt is broken. Because the anchored rock with positive Poisson’s ratio bolt ends the numerical
experiment in loading step 168, the horizontal coordinates of the displacement and stress comparison
curves of two anchored rock are taken to loading step 168. The displacements of points A, B and C of
anchored rock with positive Poisson's ratio bolt are greater than those of anchored rock with negative
Poisson's ratio bolt at any loading moment (see Fig. 6). This is because the positive Poisson's ratio
material undergoes lateral contraction deformation, the surrounding rock can further deform toward the
bolt body, while the negative Poisson's ratio material undergoes lateral expansion deformation, which
limits the deformation of the surrounding rock to the bolt body and reduces the displacement of
surrounding rock. The above numerical experiment results are in line with the actual situation, indicating
that it is feasible and reliable to use numerical experiment methods to study this problem. In addition, the
displacement differences of points A, B and C generally increase linearly, the maximum displacement
differences of above three points is 0.00151, 0.00279 and 0.0012 mm (see Fig. 7).

5.2 Stress analysis
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It can be seen from Fig. 8 that the bearing capacity of anchored rock with negative Poisson's ratio bolt
reaches the maximum value of 378.2 MPa in loading step 479, this bolt is not damaged at this time (see
Fig. 9a). When loading continues, the bearing capacity begin to drop, and then the bolt �rst breaks in the
middle of bolt body at loading step 480 (see Fig. 9b).

The bearing capacity drops to 330.4 MPa in the 486th step. Then the bearing capacity increases slightly
and reaches the second peak of 349.7 MPa. The other parts of bolt body are not damaged at this stage
(see 9c ~ 9d). At the next loading step when the stress reaches the second peak, i.e. loading step 523, the
failure occurs successively at 5/8, 6/8 and 7/8 positions of the bolt body (see 9e ~ 9i). Through the
above analysis, it can be seen that the failure of bolt body occurs in the next loading step after the stress
reaches the peak value, which is also the stage of stress decrease. On the other hand, there is only one
failure in the anchored rock mass with positive Poisson's ratio bolt (see Fig. 10).

When the loading is over, the bearing capacity of the rock strengthened by the positive Poisson's ratio bolt
is reduced to 0, while the rock strengthened by the negative Poisson's ratio bolt still has a certain bearing
capacity, which is 82.8 MPa. The maximum bearing capacity of the rock reinforced with positive and
negative Poisson's ratio bolts is 131.2 MPa and 378.2 MPa respectively. It can be seen that the addition
of a negative Poisson’s ratio bolt in the rock can improve the stress state of the rock mass, enhance the
bearing capacity of the anchored rock mass, and make up for the defects of the traditional bolt.

As shown in Fig. 11, the stress of point A, B and C of the anchored rock negative Poisson's ratio bolt is
greater than that the corresponding points of anchored rock positive Poisson's ratio bolt. This is because
the expansion deformation of bolt body increases the friction between the bolt body and the surrounding
rock, and the increased friction in turn also limits the displacement of surrounding rock.

5.3 Acoustic emission characteristic analysis
When it is loaded to loading step 480, both AE quantity and AE energy of the anchored rock mass with
negative Poisson's ratio bolt appear to rise suddenly, reaching the �rst peak value, and their values are
145 time and 0.099J respectively (see Fig. 12 and Fig. 13). When it is loaded to loading step 523, the
number and energy of AE increase again, reaching the second peak value, which are 296 time and 0.403J
respectively. The difference is that the second peak value of stress is lower than the �rst peak value, while
the second peak value of AE quantity and AE energy are both higher than the �rst peak. This also shows
that the AE quantity and AE energy mainly occur in the stress drop stage. The number of AE quantity
reaches the peak value for the anchored rock with positive Poisson's ratio bolt when loaded to loading
step 166 (see Fig. 14). The peak of AE quantity is also after the stress peak, but the AE energy does not
show obvious regularity (see Fig. 15).

It can be seen from Table 3 that the maximum and cumulative values of AE energy of the anchored rock
mass with positive Poisson’s ratio bolt are 0.00012J and 0.00153J, respectively. The maximum and
cumulative value of AE energy of anchored rock with negative Poisson's ratio are much larger than that of
anchored rock with negative Poisson's ratio, and the values are 0.40329J and 0.71482J respectively.
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Above-mentioned phenomena show that more energy would be absorbed after the negative Poisson's
ratio bolt is driven into the rock. That is to say, after adding a negative Poisson's ratio bolt to rock, the
negative Poisson's ratio bolt can better protect the integrity of the surrounding rock and prevent the
occurrence of geological disasters under the condition of the same geological conditions and load.

Table 3
The number and energy of AE in two different anchored rock after loading

  Maximum number
of AE/Time

Total
AE/Time

Maximum AE
energy/J

Total AE
energy/J

Anchored rock with negative
Poisson’s ratio bolt

296 1994 0.40329 0.71482

Anchored rock with positive
Poisson’s ratio bolt

26 76 0.00012 0.00153

K. Mogi [37] summarized three basic types of AE by analyzing the AE characteristics of different types of
materials, namely, main shock type, foreshock-main shock-aftershock type, swarm shock type. According
to this AE classi�cation basis, it can be known that the AE quantity and AE energy for the anchored rock
with negative Poisson's ratio bolt belong to the main shock type, while the AE quantity and AE energy of
the anchored rock with positive Poisson's ratio bolt belong to the main shock type and the swarm shock
type respectively.

6. Conclusion
(1) Under the action of external force, the expansion deformation of the negative Poisson's ratio bolt
prevents the surrounding rock from moving toward the bolt, causing the displacement of the surrounding
rock around the bolt with negative Poisson's ratio to be smaller than that around the bolt with positive
Poisson's ratio. The numerical experiment results are in good agreement with the actual situation, which
also proves the reliability of numerical experiment.

(2) The negative Poisson's ratio bolt has been damaged sequentially from one half of the bolt body to the
bolt head under the stress of surrounding rock, the failure mode of rock mass near the bolt failure is
tensile failure, and the bolt failure occurs in the stage of stress reduction. When the bolt Poisson's ratio
changes from positive to negative, the bearing capacity of anchored mass rock is greatly increased, and
the maximum bearing capacity is increased by 2.9 times. The anchored rock with a negative Poisson's
ratio bolt still has a certain residual bearing capacity value after loading, which increases the strength of
reinforced body. The surrounding rock stress of the negative Poisson's ratio bolt is higher than the
surrounding rock stress of the positive Poisson's ratio bolt, which means that the friction between the bolt
and the surrounding rock has been increased, the movement of surrounding rock has been restricted, and
the integrity of surrounding rock has been protected.

(3) The peak values of AE quantity and AE energy of anchored rock with negative Poisson's ratio bolt
occur in the next loading step of the peak bearing capacity. The maximum loadable energy and
cumulative energy of anchored rock with negative Poisson's ratio bolt are far greater than that of
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anchored rock with positive Poisson's ratio bolt, indicating that the reinforcement body with negative
Poisson's ratio bolt can absorb more energy and increase the strength and stiffness of anchored rock. In
addition, the AE quantity and AE energy of the anchored rock with negative Poisson's ratio bolt belong to
the main shock type, the AE quantity and AE energy of the anchored rock with positive Poisson's ratio bolt
belong to the main shock type and the swarm shock type respectively.
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Figures

Figure 1

The deformation of axial tension material

Figure 2

Negative Poisson's ratio materials at different scale levels
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Figure 3

RFPA software work�ow picture
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Figure 4

Numerical model
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Figure 5

Displacement curves of points A, B and C of anchored rock with negative Poisson's ratio bolt
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Figure 6

Displacement comparison curves of points A, B and C of two kinds of anchored rock before loading step
168
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Figure 7

Displacement difference curve of points A, B and C of two kinds of anchored rock
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Figure 8

Stress curve of two different anchored rock



Page 19/25

Figure 9

Failure process of anchored rock with negative Poisson’s ratio bolt (The left column is the stress
nephogram, the right column is the acoustic emission diagram)
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Figure 10

Failure process of anchored rock with positive Poisson’s ratio bolt (The left column is the stress
nephogram, the right column is the acoustic emission diagram)
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Figure 11

Stress comparison curves of point A, B and C of two kinds of anchored rock before loading step 168
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Figure 12

AE curve of anchored rock with negative Poisson’s ratio bolt
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Figure 13

AE energy curve of anchored rock with negative Poisson’s ratio bolt
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Figure 14

AE curve of anchored rock with positive Poisson’s ratio bolt
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Figure 15

AE energy curve of anchored rock with positive Poisson’s ratio bolt


