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Abstract

2G-NPR bolt (the 2nd generation Negative Poisson’s Ratio bolt) is a new type of bolt with high strength, high toughness and
no yield platform. It has significant effects on improving the shear strength of jointed rock mass and controlling the stability
of surrounding rock. To achieve an accurate simulation of bolted joint shear tests, we have studied a numerical simulation
method that takes into account the 2G-NPR bolt's tensile—shear fracture criterion. Firstly, the indoor experimental study on
the tensile—shear mechanical properties of 2G-NPR bolt is carried out to explore its mechanical properties under different
tensile—shear angles, and the fracture criterion of 2G-NPR bolt considering the tensile—shear angle is established. Then, a
three-dimensional numerical simulation method considering the tensile—shear mechanical constitutive and fracture criterion
of 2G-NPR bolt, the elastoplastic mechanical behavior of surrounding rock and the damage and deterioration of grouting
body is proposed. The feasibility and accuracy of the method are verified by comparing with the indoor shear test results of
2G-NPR bolt anchorage joints. Finally, based on the numerical simulation results, the deformation and stress of the bolt, the
distribution of the plastic zone of the rock mass, the stress distribution and the damage of the grouting body are analyzed in
detail. The research results can provide a good reference value for the practical engineering application and shear mechanical

performance analysis of 2G-NPR bolt.
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1 Introduction

The engineering rock mass is affected by frequent geologi-
cal tectonic movement and complex stress field, which often
produces many weak structural planes such as fissures, joints
and faults. The integrity and continuity of rock mass are
seriously damaged by these weak structural planes. The rock
mass is easy to produce large deformation and failure phe-
nomena such as dislocation and separation along the weak
structural plane, which is also the decisive factor leading to
the failure of the anchoring support system (Li et al. 2010a;
Ma et al. 2019; Zhang et al. 2022). Field engineering and
laboratory tests show that, the fracture of supporting materi-
als are often manifested as a tensile—shear composite failure
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mode in which unstable rock mass slips along the structural
plane (Li et al. 2010b; Li et al. 2015; Liu et al. 2017; Zheng
et al. 2021). Therefore, it is of great significance to carry out
research on the shear resistance of bolt anchorage for the
stability control of geotechnical engineering.

Indoor anchorage shear test is the main method to study
the shear performance of bolt anchorage. The shear mechan-
ics experiment of bolt anchorage granite jointed rock mass
was first carried out by Bjurstrom (Bjurstrom 1974), the
results show that the anchorage angle has a significant effect
on the shear performance of bolt. In recent years, relevant
researchers have carried out a large number of experimen-
tal studies on the influence of joint surface roughness (Wu
et al. 2018; Chen et al. 2018; Zheng et al. 2021), anchorage
angle (Jalalifar et al. 2010; Lin et al. 2014; Li et al. 2019),
surrounding rock strength (He et al. 2022; Chen 2014), bolt
type (He et al. 2023; Zhang et al. 2022; Wu et al. 2019a;
Li et al. 2016; Chen et al. 2015; Grasselli et al. 2005) and
other parameters (Wu et al. 2019b; Cui et al. 2020) on the
shear performance of anchorage, including the macroscopic
deformation and failure characteristics, shear strength and
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shear deformation resistance of bolted rock joints. However,
laboratory tests are often complicated to operate and micro-
scopic phenomena cannot be monitored. Numerical simula-
tion methods can better compensate for these defects. Based
on PFC2D simulation system, Saadat and Taheri (2019) pro-
posed a new viscous contact model, which realized the frac-
ture response of rock, grouting and bolt-grouting interface
during shear process. The PFC simulation method was also
used by Chen et al. (2022) to study the macroscopic shear
behavior and microscopic failure characteristics of single
bolt under different rock joint types. Based on the failure
theory of rock bolt, Jiang et al. (2022) modified the mechani-
cal model of pile element in FLAC3D program, and revealed
the distribution and evolution characteristics of axial force
and shear resistance of rock bolt. Jalalifar et al. (2006) ana-
lyzed the interaction mechanism between different anchoring
agent thickness and anchor-slurry-surrounding rock through
indoor double shear test and finite element simulation. It is
proved that the increase of surrounding rock strength and
bolt preload has a significant improvement on the shear
strength of jointed surrounding rock. However, the numeri-
cal simulation methods often simplify the anchorage model.
For example, the PFC simulation bolt often simplifies the
bolt as a cluster unit with rigid performance. In addition,
numerical simulation methods such as finite element often
use the tensile mechanical parameters of the bolt to simulate,
without considering the mechanical parameters and fracture
models under different tensile and shear angles (Song et al.
2017; Sing et al. 2020).

The 2G-NPR bolt (the 2nd generation Negative Poisson’s
Ratio bolt) is a new type of supporting material developed
independently (He et al. 2021, 2022). The new bolt has no
necking during the static tensile process, and has excellent
characteristics of uniform large deformation, disappearance
of yield platform and high strength. The yield strength range
is 600-1050 MPa, the elongation range is 30%—68%, and the
negative Poisson’s ratio effect of the material itself is real-
ized (Gu et al. 2021; Tang et al. 2021). The anchorage shear
test of 2G-NPR bolt also reflects its excellent characteristics
in resisting shear deformation and improving shear strength
(He et al. 2022; 2023). The study of 2G-NPR micromechani-
cal mechanism and molecular scale has also achieved some
research results, but these mainly belong to the category of
materials science and will not be discussed here (Jia et al.
2023). However, the research on the tensile—shear mechani-
cal properties of 2G-NPR bolt and the numerical simulation
of bolt shear has not been carried out.

In summary, two aspects of the problem to be solved in
this paper, (1) 2G-NPR bolt tensile—shear fracture criterion.
(2) Accurate simulation of bolted joint shear test. Firstly,
the indoor experimental study on the tensile—shear mechani-
cal properties of 2G-NPR bolt is carried out to explore the
mechanical properties under different tensile—shear angles,
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and the fracture criterion considering the tensile—shear angle
is established. Then, a three-dimensional accurate numerical
simulation method considering the tensile-shear mechani-
cal constitutive and fracture criterion of the bolt, the elas-
toplastic mechanical behavior of surrounding rock and the
damage and deterioration of grouting body is proposed, and
compared with the indoor shear test results of 2G-NPR bolt
anchorage joint. Finally, based on the numerical simulation
results, the microscopic information such as the deformation
and stress of the bolt, the distribution of the plastic zone of
the rock mass, the stress distribution and the damage of the
grouting body are analyzed in detail. The research results
have good reference value for the practical engineering
application of 2G-NPR bolt.

2 Tensile-shear mechanical properties
and fracture criterion of 2G-NPR bolt

2.1 Tensile-shear mechanical test of 2G-NPR bolt

The indoor mechanical properties tests under different ten-
sile—shear angles were carried out to study the tensile—shear
mechanical properties of 2G-NPR bolt. According to the
relevant processing requirements of GB/T 228.1-2010 for
standard specimens of steel bar mechanics test and the struc-
ture of tensile shear test tooling, 2G-NPR bolt was processed
into standard specimens of mechanical test. As shown in
Fig. 1a, the standard sample is made of a 2G-NPR bolt with
a diameter of 18 mm by cutting, grinding and other pro-
cesses. The sample gauge is 100 mm and the diameter is
10 mm. In addition, each sample is subjected to at least three
tests under the same test conditions to ensure the accuracy
of the experimental results. All tests are performed at room
temperature and quasi-static conditions.

In order to realize the tension-shear combination test at
different angles, a tension-shear clamping device that can
meet the requirements of this experiment was made with
reference to the relevant experimental design (Song et al.
2020). As shown in Fig. 1b, the device is mainly composed
of pull rod, pull plate and sample fixture. The positioning
holes with six angles are set on the pull plate, which are 0°,
18°, 36°, 54°, 72° and 90°, respectively. The tensile—shear
tests with different angles are realized by connecting dif-
ferent positioning holes, that is, 0° is the pure tensile test,
90° is the pure shear test, and the middle angle corresponds
to the tensile—shear combination test. The loading speed of
the test sample is controlled by adjusting the loading speed
of the test machine. The loading speed of this experiment is
0.5 mm/min to ensure the quasi-static loading. During the
experiment, the testing machine can automatically record the
test data such as force and displacement.
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Fig. 1 The combined tensile—shear test of 2G-NPR bolt a Geometry of specimens b Test setup ¢ The force—displacement curves of the combined

tensile—shear test

Figure Ic shows the force—displacement curves of
2G-NPR bolt under different tensile—shear test conditions
(0°, 18°, 36°, 54°, 72° and 90°). Under pure tensile condi-
tions, the maximum force is 66.727 kN, and the elongation
reaches 56.86%, which has significant high ductility and
high strength mechanical properties. With the increase of
the tensile—shear angle, the deformation and strength of the
bolt show a decreasing trend. Under the test condition of the
tensile—shear angle of 90°, the sample basically shows the
shear brittle fracture characteristics of small deformation.
Compared with ordinary steel (He et al. 2021), 2G-NPR
steel is significantly different, the curves of 2G-NPR bolt
under different tensile—shear angles have no yield platform,
and the curves are mainly divided into elastic stage, plastic
strengthening stage and fracture failure stage, with quasi-
ideal elastoplastic characteristics.

2.2 Tensile-shear fracture criterion of 2G-NPR bolt

Based on the results of indoor mechanical tests, the finite
element Abaqus/Explicit numerical analysis method is
adopted, and the fracture prediction and failure model of
2G-NPR bolt under tension-shear conditions are studied.
Firstly, according to the load—displacement curves obtained
from the test, the engineering stress—engineering strain
curves are calculated by Eqgs. (1) and (2), then the true

stress—true strain curves are calculated on this basis. During
the tensile process of the bolt, when the strength reaches the
peak load, the specimen will produce necking phenomenon,
that is, the cross-sectional area of the bolt does not change
evenly (Ling et al. 1996). Therefore, the true stress—true
strain data of the 2G-NPR bolt need to be calculated in two
parts: before necking and after necking, the true stress-true
strain curve before necking is calculated by Egs. (3) and (4).

Al

Eeng = N ey
_ N

Oeng = A, @)

Etrue = 11'1 (Eeng + 1) (3)

o-true = O-eng (Eeng + 1) (4)

where Al represents the deformation length of the specimen,
I, represents the initial length of the specimen gauge, N is
the specimen load, A is the initial cross-sectional area of
the specimen.

The scholars have carried out a lot of research on the
calculation method of true stress—true strain after necking
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(Ling et al. 1996; Song et al. 2020; Gu et al. 2021). In this
paper, the weighted average method with simple form and
calculation program is used to calculate the true stress-true
strain curve data of 2G-NPR bolt after necking. As shown
in Fig. 2a, this method assumes the upper and lower bounds
of the true stress—true strain curve after necking, and the
expressions are Eqgs. (5) and (6), respectively. Based on
the upper and lower bounds of the curve and the weighted
average parameter w, the true stress-true strain expression
(Eq. (7)) after necking is established.

Otrue — On * €XP (strue - 6n) (5 > 6n) (5)
Cue = On(€rue /€n) " (€ > £,) ©6)
Otrue =0On [W - €Xp (6lrue - gn) + (1 - W)

)

'(etrue /en)sn(e > 5,1,0 <w< l)

where ¢, and o, are the true strain and true stress at the neck-
ing respectively, and w is the weighted average coefficient.

The trial and error method is used to adjust the value of w.
Through numerical trial calculation and comparison with the
test curves, the optimal weight coefficient w is finally deter-
mined. Figure 2b is the result of load-displacement simula-
tion curves under different weight coefficients. Finally, the
value of w is selected as 0.4, and the simulation result of the
true stress—strain curves corresponding to this parameter is
the most consistent with the experimental curves.

Based on the true stress-true strain data of the full load-
ing history, and the fracture displacement of the 2G-NPR
bolt in the load—displacement curve is obtained from
the indoor test results. The fracture strain value &; of the

. A possible Upper bound »
i true curve -7
X (weighted average) P
! - S
Simple ' Weighted . //, = i
relationship  average method zie = O
. - i
[ ! - t I s
E ! i T Lower bound
i -
~ (gnra,,)éf o i .
% - /, Necking Upper bound
=
n Actucal curve (test)
:Lower bound
I
: — Engineering stress-strain
: = =+ True stress-strain

specimen corresponding to the fracture displacement is
obtained by finite element numerical analysis. The stress
triaxiality n and the equivalent plastic strain curve ¢, at
the center of the specimen are output at the failure posi-
tion of the specimen in the numerical calculation model.
The average stress triaxiality 7,,, before the fracture strain
g 1s calculated by the Eq. (8) (Zhang et al. 2019). As
shown in Table 1, through the calculation of different ten-
sile—shear angle test conditions, the average stress triaxi-
ality and fracture strain of 2G-NPR bolt under different
tensile—shear conditions are finally obtained.

1

_/ ’7(5p)d5p
0

&

Mavg = ®)
where 7,,, is the average stress triaxiality, & is the fracture
strain value, and ¢, is the equivalent plastic strain.

The Johnson—Cook failure model (Johnson et al. 1985)
takes into account the effects of stress triaxiality, strain rate
and temperature on the mechanical properties of materials.
Its equation form is simple and the parameters are easy to

Table 1 Average stress triaxiality and fracture strain of 2G-NPR bolt

Tensile—shear test Average stress triaxial-  Fracture strain &;

angle (°) ity My,
0 0.392 1.167
18 0.310 0.565
36 0.260 0.509
54 0.184 0.474
72 0.115 0.417
90 0.002 0.299
® 7.
65
60
55
50
45
< 40
£ 20 -
530} —ig
= 25 w=0.2
20 ——w=0.4 (Employed in this study)
15 H —w=]
10 —— Test curve
5 4
O 1 1 1 1 1 1 1 1 1 1 1 1 1
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Strain (mm/mm)
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Fig.2 a Weighted average method (Song et al. 2020) b Weighted average parameter using trial and error method
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calibrate (Eq. (9)), and it is also widely used in the predic-
tion of material fracture failure. The model is used to fit the
average stress triaxiality and fracture strain to obtain the
fracture parameters. Finally, the fracture parameters D, D,
D5 are 0.374, 0.002 and 14.753, respectively.

g = [Dl + D, exp (D30'*)] )

where, D, D,, D; are the influence parameters of stress tri-
axiality; o is the stress triaxiality.

Figure 3 shows the simulation results of 2G-NPR bolt
under 0°, 54° and 90° tension-shear angles, including the
test result curve, the numerical simulation curve without
considering fracture and considering fracture criterion.
The results show that the numerical simulation consid-
ering fracture criterion can better reflect the mechanical
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properties and deformation fracture process of 2G-NPR
bolt.

3 2G-NPR bolt anchorage joint shear
numerical simulation

The shear process of anchorage rock joint is a complex non-
linear process of deformation and failure of bolt, jointed rock
mass and grouting body. A large number of anchorage shear
laboratory tests of 2G-NPR bolt have been carried out by the
author (He et al. 2022; 2023). Based on the relevant experi-
mental basis, a three-dimensional refined numerical simu-
lation method considering the elastic—plastic mechanical
behavior of rock mass, the tensile—shear fracture criterion
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Fig. 3 Comparisons of force-deformation curves and failure modes obtained from tests and FE analysis (with fracture model) at different load-
ing angles: a 0° (Pure tension), b 54° (Combined tension and shear), and ¢ 90° (Pure shear)
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of bolt and the damage and deterioration of grouting body
is proposed.

3.1 Constitutive model of numerical model
of anchored joint

3.1.1 Rockyield criterion

The nonlinear and elastoplastic mechanical properties
of rock mass material deformation and failure are fully
considered by Mohr—Coulomb model, and the simula-
tion of rock mechanical properties can obtain more accu-
rate results. Therefore, Mohr—Coulomb model is used
to simulate rock materials. For the general stress state,
the model is more conveniently expressed by three stress
invariants:

F=R,q—ptanp—c=0 (10)

Elliptic function i
{ _ Mohr-Coulomb

fitting o~

5 ,
§=== o3
3 NP4 3

1
Fig.4 Plastic potential surface of Mohl-Coulomb model
@ o, A (b)
O |----
E,
A-i,)E,
— >
=l cl
& & '

5,1’ ! -Equivalent tensile plastic strain

Er‘] -The tensile elastic strain considering the damage
O,, -Tensile failure stress

d, -Damage variable of tensile stiffness degradation

R_ =

e S sin <
\/gcosq) 3

®+£>+%cos<®+%>tan(p

an
where ¢ is deviatoric stress; p is the average stress; ¢ is cohe-
sion; R, is the shape function of the yield surface on the
control  plane; ® is the polar angle.

Figure 4 is the Mohr—Coulomb criterion plastic poten-
tial surface. The elliptic function is used as the potential
surface to fit the hexagonal section pyramid. The continu-
ous smoothness of the ellipse can effectively ensure its
convergence.

3.1.2 Plastic damage model of grouting body

In the shear test of bolted rock joints, cement slurry is used
as anchorage agent. The concrete plastic damage model
(CDP model) can effectively describe the mechanical behav-
ior of brittle or quasi-brittle materials such as concrete,
mortar and ceramics, as well as the failure mechanism of
tensile cracking and compression crushing. Therefore, the
CDP model is used to simulate the grouting body in the
anchorage system. Figure 5 shows the tensile and compres-
sive stress—strain curves under uniaxial stress state. Eq. (12)
is the constitutive equation of the CDP model:

t

o, = (1 —dC)E0<£C —E’C’l>

6, = (l—dt)E()(el—Ef’l) .

where, E| is the initial elastic modulus of the material; o,
and ¢, are tensile stress and total tensile strain, respectively;

O. A
Oul----->
Oo,l---
II:
/
Eo 7 i
7 1
/7 1
/ 1
’ 1
1
/ :
1
,/ (l_idC)EO
/ 1
/ 1
L ! [
< »le »| ~
é:p] Sc] Ee
c c

g 2 ! -Equivalent compressive plastic strain
& !_The compressive elastic strain considering the damage
Ocu-Compressive failure stress
O,o-Yield stress
. -Damage variable of compressive stiffness degradation

Fig.5 Schematic diagram of tensile and compressive stress—strain relationships of CDP model under uniaxial stress
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o, and g, are compressive stress and total compressive strain,
respectively; d, and d, are compression damage variable and
tension damage variable respectively.

3.2 Numerical simulation scheme of 2G-NPR bolt
anchorage joint

According to the shear laboratory test of bolted joints, a
numerical model of bolted joints is established as shown
in Fig. 6. It mainly includes jointed rock mass, shear box,
bolt and other solid models. The left and right sides of the
upper shear box are set as fixed constraints to limit the dis-
placement in the X direction. The normal load is applied
at the top of the shear box, and the shear test under differ-
ent normal stress conditions is realized by setting different
load values. The tangential load is applied by setting the
tangential displacement boundary condition on the side of
the lower shear box. The diameter of the bolt is 8 mm, the
length is 140 mm, and the length X width X height of the tray
is 24 mm X 24 mm X4 mm. The inner diameter of the grout-
ing body is 8 mm, the outer diameter is 12 mm, and the
length is 140 mm. The jointed rock mass is composed of
two blocks, and the length X width X height of each block is
150 mm X 150 mm X 75 mm, and the diameter of the bore-
hole at the center is 12 mm.

Similar to the indoor test method, in order to compare
the shear resistance effect of 2G-NPR bolt, Q235 steel
anchored jointed rock mass is also set up in numerical sim-
ulation. According to the indoor test, the numerical simu-
lation model parameters mainly include rock mass, bolt
and grouting body. In practical engineering, the strength
of surrounding rock is complex and changeable, which
has a significant influence on the anchoring performance.
Therefore, in order to consider the influence of strength

(a) (b)

Section ling

Table 2 The mechanical parameters of rock mass

Rock type Compres- Tensile Elastic Poisson’s
sive strength  strength modulus ratio
(MPa) (MPa) (GPa)
Red-sand- 38.52 2.97 11.2 0.26
stone
Marble 67.64 6.66 235 0.24
Granite 118.45 8.09 29.8 0.21

factors such as soft rock, medium hard rock and hard rock,
three types of rock mass representative of red sandstone,
marble and granite are selected, and the rock mass param-
eters are shown in Table 2. The mechanical parameters of
2G-NPR bolt are set according to the results of Sect. 2,
and the mechanical parameters of Q235 steel are shown
in Table 3. The parameters of grouting body are shown in
Table 4 (Zhao et al. 2022).

The eight-node hexahedron linear reduction integral
solid element is adopted by bolt, grouting body and rock
mass, and the rigid element is adopted by pallet and direct
shear box. In order to improve the calculation accuracy, the
grids near the bolt and joint surface are locally encrypted.
The final number of numerical model grids is 98914, and
the number of direct shear box, bolt, rock mass, grouting
body and tray grids is 5520, 15138, 59104, 18576 and
576 respectively. The interface between the pallet and the
two ends of the bolt is connected by tie contact, and the
general contact is adopted by the other contact interfaces.
The normal contact relationship is set to hard contact,
and the tangential contact relationship is set to Coulomb
friction model based on penalty function. Slurry bonding
is used between the joint surfaces of the 2G-NPR bolt
anchorage laboratory test. In the numerical simulation,

Normal loading

0330040118

Fixed = :': =
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Shear b constraini =
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.« oint
= i surface
"""" Rock mass | =
Shear <Shear
box <=loading
Tray
L. X : o

Fig.6 Numerical calculation model of anchorage joint shear a Three-dimensional model diagram b Central profile perpendicular to the XY

plane
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Table 3 The mechanical parameters of Q235 steel (Zhao et al. 2022)

Bolt type  Elastic modulus (GPa) Poisson’s ratio Yield strength (MPa) Tensile strength (MPa) Fracture strain Triaxial stress Strain ratio
Q235 steel 200 0.3 350 531 0.25 0.333 0.558
Table 4 The mechanical parameters of grouting body (Zhao et al. 2022)

Element type Elastic modulus (GPa) Expansion angle Eccentricity Joofeo Yield constant Viscosity coefficient
Grout 30.34 0.2 350 531 0.25 1E—-005

the slurry bonding effect is simplified by increasing the
friction coefficient.

4 Numerical model validation analysis

4.1 Shear simulation verification analysis
of unbolted joints

The numerical simulation verification example is the
shear test of unbolted marble joint surface carried out
by the author (He et al. 2022). The numerical simulation
results are shown in Fig. 7 under normal stress of 2 MPa,
4 MPa and 8 MPa. Similar to the curve trend of indoor test
results, the simulation curve also shows the elastic rise
stage, the shear force decreases after reaching the peak,
and finally stabilizes in the residual stage of relatively
constant shear force. The shear strength and displacement
obtained by numerical simulation are in good agreement
with the indoor test results. In addition, Fig. 7b shows that

(a) - - - 2MPa Simulation
160 - 2MPa Test
- = = 4MPa Simulation
140 ——4MPa Test e
- - - 8MPa Simulationf-+" T e,
120 f——8MPa Test . i
£100
3
é 80
g 60
0]
40
20
0 1
0 1 2 3 4 5 6 7

Shear (iisplacement (mm)

the shear strength parameters of the numerical results and
the experimental results are basically the same, indicating
that the numerical simulation method of unanchored shear
has certain reliability.

However, there are some errors between the results of
numerical simulation and laboratory test, firstly, in the elas-
tic stage of the shear force-shear displacement curve, the
slope of the numerical simulation curve is larger than that of
the laboratory test curve. This is mainly due to the assembly
gap between the joint sample and the shear box in the labora-
tory test, and the inevitable millimeter-level error in the size
of the sample during the processing process, which eventu-
ally leads to the difference. In addition, the indoor test curve
shows the characteristics of ‘sudden drop’ of shear force
after reaching the peak value, while the shear force of the
numerical simulation curve decreases slightly after reach-
ing the peak value. This is mainly due to the use of cement
slurry to bond between the joint surfaces in the laboratory
test. The fracture of the bond is brittle, which leads to the
‘sudden drop’ of the shear force. In order to increase the

(b)
7~
= Simulation result
® Test result
6 - - - Simulation result curve fitting .1
- = - Test result curve fitting . ‘

fome) .
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Fig.7 Comparison of shear test and numerical results of unanchored marble joints a Shear force-shear displacement curve b Shear strength

parameter fitting curve
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computational efficiency in the numerical simulation, the
bonding effect is simplified by increasing the friction coef-
ficient. Only the friction between the joint surfaces is consid-
ered, and the bonding effect is not considered, which leads
to the difference between the indoor test and the numerical
simulation.

4.2 Shear simulation verification analysis of bolted
joints

The numerical simulation of anchorage joints is also verified
by the test results in the literature (He et al. 2022).

4.2.1 Verification analysis of bolt deformation and failure

As shown in Fig. 8, under the condition of normal stress of
2 MPa, when the shear displacement is 30 mm, the stress
distribution diagram at the XZ center section of the anchored
red sandstone joint and granite joint. The bolt shows ‘S’-
shaped deformation characteristics along the joint surface.
Under the same conditions, the anchoring shear resistance of
2G-NPR bolt is significantly better than that of Q235 steel.
Under the condition of anchoring red sandstone joints, Q235
steel fractured at the joint surface, while 2G-NPR bolt did
not fracture. In addition, with the increase of rock strength,
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Q235 steel and 2G-NPR bolt show the characteristics of
decreasing shear deformation resistance. The numerical
simulation results of the shear deformation failure charac-
teristics of the bolt are in good agreement with the indoor
test results. This simulation method can effectively show the
shear deformation behavior of the bolt anchorage test under
different surrounding rock strength conditions.

4.2.2 Verification analysis of deformation and failure
of jointed rock mass

Figure 9 shows the stress distribution and plastic zone distri-
bution of 2G-NPR bolt anchored red sandstone joints when
the shear displacement is 5.620 mm. Figure 9a is the stress
distribution map of the XZ central section of the jointed
rock mass. Under the action of shear load, the rock mass is
squeezed by the bolt and the rock mass, and the rock mass
forms a central symmetrical compressive stress zone at the
intersection of the joint surface and the bolt. The plastic zone
distribution of the XZ center section of the jointed rock mass
in Fig. 9b shows that the rock mass gradually forms a plastic
zone in the compressive stress zone, that is, the rock mass is
destroyed. In addition, due to the bending deformation of the
bolt during the shearing process, the tensile zone is formed
on the other side of the bolt in the compression zone of the

L.
= el  t
fFracture]
I
| IS

(d) 2G-NPR bolt anchored granite joints

Fig. 8 Comparison of deformation and failure characteristics between numerical simulation of anchorage shear and laboratory test (normal stress

2 MPa, shear displacement 30 mm)
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Fig.9 Comparison between numerical simulation and laboratory test
results of 2G-NPR bolt anchored red sandstone joints a Stress distri-
bution diagram of XZ central section of jointed rock mass b Plastic

rock mass. The remarkable feature is that the grouting body
in the tensile zone is first subjected to tensile failure, and
the debonding between the bolt and the rock mass occurs
to form a tensile zone. Figure 9c shows the distribution of
plastic zone on XY plane of footwall jointed rock mass, and
plastic failure occurs on one side of rock mass hole due to
bolt pressure. Figure 9d shows the indoor test results under
this working condition. The numerical simulation results
are in good agreement with the test results. The simulation
method can effectively reflect the deformation characteristics
and failure behavior of jointed rock mass during anchorage
shear process.

The results of the shear force-shear displacement curve of
the anchorage shear test can intuitively reflect the effect of
the bolt on the deformation and strength improvement of the
jointed rock mass, as shown in the comparison of the curve
results of numerical simulation and laboratory test.

@ Springer

(O

(Avg: 75%)

+
>
OBy
e
3
S

Tensile
@debonding

/
Tensile

debonding

'

distribution diagram of XZ central section of jointed rock mass ¢ Plas-
tic distribution diagram of footwall jointed rock mass d Laboratory
test results (He et al. 2022)

Figure 10a shows the numerical simulation and labora-
tory test results of 2G-NPR bolt anchored red sandstone
joints under normal stress of 2 MPa. Due to the limitation
of the range of indoor shear test, the 2G-NPR bolt failed
to break during the experiment under this working condi-
tion, and the fracture displacement and shear strength of
2G-NPR bolt anchored red sandstone joints could not be
obtained. The numerical simulation method can make up
for this deficiency. By setting a larger shear displacement
termination condition, the fracture displacement and shear
strength under this working condition are finally obtained.
Figure 10b shows the numerical simulation and laboratory
test results of 2G-NPR bolt anchored granite joints under
normal stress of 4 MPa. The two have good consistency
in fracture displacement, shear resistance and overall curve
characteristics.
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Fig. 11 Simulation results of 2G-NPR bolt shear force-shear displacement curve a Red sandstone joints b Granite joints

Figure 11a and b are the results of shear force-shear dis-
placement curves of red sandstone joints and granite joints
bolted by 2G-NPR bolts under normal stress conditions of
2, 4 and 8 MPa, respectively. With the increase of normal
stress, the shear strength increases, and the Mohr—Coulomb
criterion is satisfied. In addition, the anchorage shear dis-
placement shows a decreasing trend, which is consistent
with the indoor test results.

Based on the comprehensive analysis of the results of
numerical simulation and laboratory test curves, because
the initial bonding effect between joint surfaces is not
considered in the numerical simulation, the curve drop

characteristics caused by the failure of bonding effect
are not shown in the simulation results, but the simpli-
fication of this condition does not affect the study of key
parameters such as shear displacement and shear force of
bolt anchorage shear curve. The results of the numerical
simulation curve also have the characteristics of the ini-
tial elastic stage, the yield stage, the plastic strengthening
stage and the fracture stage. However, due to the simpli-
fication of some conditions in the numerical simulation,
such as the damage and crushing of the surrounding rock,
and some errors in the indoor test, such as the installation
gap between the shear box and the anchored rock mass, the
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processing size error of the rock sample, etc., the charac-
teristic parameters such as shear displacement and shear
strength have small differences. In general, the numerical
simulation results are in good agreement with the labora-
tory test results.

4.3 Analysis of shear simulation results of bolted
joints

The indoor test of anchorage shear is limited by monitor-
ing instruments, which makes it impossible to effectively
monitor and analyze the stress—strain evolution, deforma-
tion behavior of bolt and grouting body in the shear pro-
cess of anchorage shear system. Numerical simulation can
effectively solve this problem. On the basis of verifying

the accuracy of numerical simulation, the numerical
simulation method is used to analyze the stress and strain
of bolt and the deformation behavior of grouting body,
which plays an important role in perfecting the indoor
test data and revealing the mechanism of anchorage shear
resistance.

4.3.1 Stress field analysis of bolt

Figure 12 is the maximum principal stress distribution
map of 2G-NPR bolt and Q235 steel anchored granite
joints during shearing under normal stress of 2 MPa. The
results show that the bolt presents similar stress distri-
bution characteristics in the process of anchoring shear
resistance. Under the mutual restraint of surrounding rock,
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the bolt forms compressive stress zone and tensile stress
zone at the joint surface, and the bolt presents ‘S’ shape
deformation characteristics. The bolt forms plastic hinges
on both sides of the joint surface, and the geometric fea-
ture is that the bolt bends to form the maximum curvature
point. With the gradual increase of shear displacement,
the stress of the bolt is mainly concentrated in the trans-
verse deformation zone of the bolt between the plastic
hinges. When the peak displacement is about to reach,
the local element at the junction of the bolt and the joint
surface is damaged, and then the fracture failure occurs.

Axial position (
of bolt (mm)

B side Aside
S| >

Bolt

kectioft Bside

monitorin,

Joint surface 7 path

140

Fig. 13 Schematic diagram of bolt monitoring section

Under the same test conditions, the stress in the tensile and
compressive stress zone of 2G-NPR bolt is significantly
higher than that of Q235 steel at each stage of anchorage
shear, which ultimately leads to the higher anchorage shear
strength of 2G-NPR bolt than that of Q235 steel.

4.3.2 Stress—strain analysis of bolt

In order to further study the axial and tangential deformation
characteristics and mechanical behavior of bolt anchorage,
the axial stress and shear stress of bolt are monitored and
analyzed. Figure 13 is a cross-section diagram of the bolt
along the XZ axis. The position relationship of the monitor-
ing points is defined from the top to the bottom of the axial
direction of the bolt. The top is the coordinate O point. The
length of the numerical simulation bolt is 140 mm, so the
axial position of the bottom is 140 mm, and the joint surface
is 70 mm. The Path monitoring path of Abaqus is used to
monitor the relationship between stress and strain and axial
position during the shear test. The right side of the bolt sec-
tion is the A-side monitoring path, and the left side is the
B-side monitoring path.

Figure 14 is the stress monitoring result curve of bolt A
side and B side when the shear displacement of 2G-NPR
bolt anchored red sandstone joint is 2.420 mm and 6.016 mm
under the normal stress of 2 MPa. The results show that the
axial stress and shear stress on the A and B sides of the bolt
are antisymmetric along the intersection of the bolt and the
joint surface. The compressive stress of the bolt is negative
and the tensile stress is positive. The axial force of the com-
pressive side is significantly higher than that of the tensile
side, and the axial force of the bolt at the joint surface is the
lowest. The shear stress distribution curve shows that the
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Fig. 14 Monitoring results of the left and right side stress of the bolt monitoring section a Monitoring results of axial force b Monitoring results

of shear force
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shear stress of the bolt is the largest at the joint surface, and
the shear force on the compression side is lower than that
on the tension side. The shear stress distribution gradually
decreases along the axial direction of the two ends of the
bolt. After reaching a critical position, the shear stress is
basically 0, which is the boundary point between the elastic
deformation and plastic deformation of the anchorage shear,
and also the main area where the bolt plays the role of shear.
Based on the anti-symmetric distribution characteristics
of the monitoring sections on the left and right sides of the
bolt, the subsequent stress—strain analysis only shows and
analyzes the monitoring results on the A side. Figure 15
shows the monitoring curve results of axial force and shear
force of 2G-NPR bolt anchored red sandstone joints from the
initial stage of shear load loading to bolt fracture under nor-
mal stress of 2 MPa. The axial force of the bolt at the joint
surface is basically 0. As the shear displacement increases,
the axial force of each part of the bolt tends to increase. The
axial force of the bolt on both sides of the joint surface is
divided into compressive stress and tensile stress distribu-
tion characteristics. The axial force of the bolt on the loaded
side is negative, mainly bearing compressive stress, while
the axial force at both ends of the bolt is mainly tensile.
When the shear displacement is 35.08 mm, the bolt is about
to break, and the axial compressive stress of the bolt devel-
ops into the axial tensile stress state, which finally causes
the bolt to break. Figure 15b is the shear force distribution
map of the bolt at different axial positions. The shear force
of the bolt at the joint surface is the largest, and the shear
force at both ends of the bolt is 0 in a certain range. With
the increase of shear displacement, the shear force of bolt
increases and the range of shear zone increases gradually.
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In order to compare and analyze the anchorage shear
stress and strain characteristics of 2G-NPR bolt and Q235
steel, Fig. 16 shows the axial force and shear force distribu-
tion of 2G-NPR bolt and Q235 steel anchored granite joints
under normal stress of 2 MPa. The fracture point of Q235
bolt is reached when the shear displacement is 6.641 mm,
while the fracture shear displacement of 2G-NPR bolt is
25.86 mm. Under the same shear displacement condition,
the axial force of 2G-NPR bolt is significantly higher than
that of Q235 steel, indicating that 2G-NPR bolt can provide
higher shear strength. The shear stress distribution diagram
shows that the shear range of 2G-NPR bolt is significantly
higher than that of Q235 steel, indicating that the interaction
range between 2G-NPR bolt and surrounding rock is larger,
which can provide higher shear strength and shear deforma-
tion capacity for the anchorage shear of jointed rock mass.

4.3.3 Deformation and failure analysis of grouting body

Figure 17 shows the stress distribution map of deformation
and failure of 2G-NPR bolt anchored red sandstone joint
grouting body under normal stress of 2 MPa. In order to
further explore the failure characteristics of the grouting
body, a stiffness reduction coefficient of the grouting body
element is set in the CDP constitutive model, which deletes
the elements with high degree of damage and deterioration
according to the strain of the element. In the early stage of
shear loading, obvious compressive stress zone and tensile
stress zone are formed along both sides of the joint sur-
face, and the shear stress at the joint surface is the largest.
The grouting body has obvious brittle damage and failure
characteristics. The unit is damaged under the condition of
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Fig. 15 Stress—strain monitoring results of red sandstone joints anchored by 2G-NPR bolt a Axial force b Shear force
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Fig. 17 Stress evolution characteristics of joint grouting body of red sandstone anchored by 2G-NPR bolt

small shear displacement. When the shear displacement is
4.924 mm, the macroscopic tensile failure occurs first in the
tensile zone of the grouting body. With the further increase
of shear displacement, when it reaches 6.870 mm, brittle
failure occurs in the tensile zone of grouting body on both
sides of joint surface, and the bonding effect of grouting
body fails. Therefore, the bonding effect of the grouting
body on the transverse shear deformation zone of the bolt
only plays a certain role in the initial stage of shear load
loading. When the large shear deformation occurs, the grout-
ing body itself is completely destroyed, and the shear effect
is mainly exerted by the bolt itself.

5 Conclusions

(1) The indoor mechanical tests of 2G-NPR bolt under dif-
ferent tensile—shear angles were carried out. The results
show that the mechanical curve of 2G-NPR bolt has
no yield platform and has a large uniform deformation
elongation ability, showing quasi-ideal elastic—plastic
mechanical characteristics. As the tensile—shear angle
increases, its mechanical deformation performance
gradually decreases. Based on the weighted average
method and finite element analysis method, the true
stress—strain curve of 2G-NPR bolt with full loading
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history was obtained. The average stress triaxiality
and fracture strain of NRP bolt were fitted by John-
son—Cook fracture criterion, and the fracture prediction
model of 2G-NPR bolt under tensile—shear test condi-
tions was established.

(2) A three-dimensional refined numerical simulation
method for the shear behavior of anchored rock joints
is proposed, which comprehensively considers the
elastic—plastic mechanical behavior of rock mass, the
constitutive fracture criterion of bolt tension-shear
mechanics and the damage and deterioration of grout-
ing body. Compared with the indoor test results under
different surrounding rock strength and normal stress
conditions, the validity and accuracy of the numerical
method are verified from the aspects of shear force-
shear displacement curve and macroscopic deformation
and failure characteristics.

(3) The stress field evolution characteristics of bolt and
grouting body in the process of shear resistance of
anchorage joint are analyzed. The grouting body only
plays a certain role in the initial stage of shear load
loading. When the anchorage system undergoes large
shear deformation, the grouting body itself undergoes a
more macroscopic failure, mainly by the bolt itself. The
bolt forms compressive stress zone and tensile stress
zone on both sides of the joint surface. The shear force
of the bolt at the joint surface is the largest, and the
axial force of the bolt is basically 0. Under the same
shear displacement condition, the stress in the tensile
and compressive stress zone of 2G-NPR bolt is sig-
nificantly higher than that of Q235 steel. In addition,
the interaction range between 2G-NPR bolt and sur-
rounding rock is larger, which can provide higher shear
strength and shear deformation ability for anchorage
shear resistance of jointed rock mass.
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