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Abstract: This study experimentally and numerically investigated the anchor-
age properties, bolt force evolution, deformation and stress fields of blocky
rock mass with various dip angles of joint surfaces under an applied axial
load. The results show that due to bolt reinforcement, the axial stress-strain
curves of anchorage blocky rock mass show typical strain-hardening charac-
teristics, and comparedwithmodels without anchorage, the peak strength and
elastic modulus increase by 21.56% and 20.0%, respectively. With an increase
in axial stress, the lateral strain continuously increases, and restriction effects
of bolts reduce the overall deformation of model surfaces. The axial stress-
strain curves of anchorage blocky rock mass in the simulations present a
“double peak strength” phenomenon due to bolt reinforcement, and the peak
strength, second peak strength, residual strength, surface displacement field,
as well as the principal stress fields all depend on the dip angles of joint sur-
faces. As a result of the bolt reinforcement effects, cone-shaped compression
zones are produced in the models, and compression zones of adjacent bolts
superimpose with each other to form anchorage belts, improving the overall
bearing capacity of anchorage models. Obvious stress concentration can be
observed at both bolt end and anchorage section. Not only the role of bolt
support transfers the blocky rock mass to be a three-dimensional stress state
through compression effects, but also it improves both tensile strength and
shear resistance of both joint surfaces and the overall blocky rock mass.

Keywords: Blocky rock mass; anchorage; strength; displacement; numerical
simulation

1 Introduction

During a long geological period, due to the influences of geological tectonic movements,
natural weathering and human activities, the sedimentary rock mass usually develops various
geological defects, such as joints, beddings, faults and weak interlayers, to become complicated
blocky rock mass [1–7]. Under an applied load, development and coalescence of these defects
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change the structures and stress conditions of rock mass, resulting in slide, falling, fracture and
instability of rock projects [8–11]. Thus, it is of great significance to investigate the mechanical
properties of blocky rock mass to ensure stability and safety of rock projects [12–14].

Until recently, a lot of studies have been conducted to study the strength and deformation
properties of joint rock mass containing weak interlayers [15–17]. Yin et al. [2] conducted a
series of experiments to study the mechanical properties and anchorage performances of rock
mass in the fault fracture zone, and the results show that the ultimate failure modes of anchored
models are characterized by cracks propagating along the cementing surfaces. Zhang et al. [18]
investigated mechanisms of shear deformation, failure and energy dissipation of joints using both
physical and numerical direct shear tests under constant normal load condition. The results show
that joints under shearing present a dissipation trend of four stages including a slow rise, a
rapid rise, a shock rise and a rapid decline stage, respectively. Wang et al. [19] analyzed the
correlation of the friction angle with the normal stress level to overcome overestimation or
underestimation at relatively low or high normal stress levels in the JRC-JCS empirical model,
and the modified nonlinear shear criterion was proposed. Yang et al. [20] proposed a damage
model which considers the influence of normal vector and area density of joints to describe the
discontinuities, and the displacements and damage zones in the surrounding rock mass of an
underground cavern were predicted. Wang et al. [21] carried out uniaxial compression tests to
investigate the influences of pre-existing fissure geometry parameters (various dip angles, lengths,
widths, and numbers) on mechanical properties and deformation failure models of low-strength
rock samples. The above researches on mechanical properties of joint rock mass will provide
benefit guidance for our study. However, when it comes to blocky rock mass, few studies have
been reported.

For decades, rock bolts have been extensively applied as the primary elements to support
rock masses with geological defects in geotechnical and mining projects [2,22,23]. Zhu et al. [24]
conducted a number of indoor model tests to obtain a better understanding of the failure
behaviors and anchoring effects of a weak-broken rock slope. The results indicate that the bolt
reinforcements not only improve vertical bearing capacity before failure but also reduce the
vertical settlement and allow greater lateral deformation. Li et al. [25] investigated the mechanical
properties, anchorage effects, cracking, and coalescence process of rock mass containing flaws. The
results show that both the number of rock bolts and the anchoring angle have a great influence on
the anchorage effect, and three types of failure characteristics have been systematically analyzed.
Wu et al. [26] performed a series of cyclic shear tests on bolted rock joints, and the results present
that the cyclic displacement has an influence on failure modes of rock bolts, and the influence of
cyclic loading on the shear resistance of the rock bolt is more significant than its counterpart of
the rock bolt itself, and the shear performance of a rock bolt is strongly affected by cyclic shear
loading. However, for blocky rock mass with various dip angles of joint surfaces, the anchorage
strength and deformation properties have rarely been investigated.

Therefore, in this study, the anchorage properties of blocky rock mass were experimentally
and numerically studied. First, evolution characteristics of the axial stress, lateral stress, bolt
force and ultimate failure modes of anchorage blocky rock mass were experimentally investigated.
Furthermore, by using the discrete element method 3DEC, a large number of simulations on
variations in the axial stress-strain curves, elastic modulus, peak strength, second peak strength,
residual strength, displacement contours and maximum principal stress fields were respectively
studied. Finally, the anchorage mechanism of rock bolt support to blocky rock mass was dis-
cussed. The findings might have a theoretical significance for stability evaluation and support
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parameter design of geotechnical projects with blocky rock mass, such as mining, tunneling and
rock slopes.

2 Model Test on Anchorage Mechanical Properties of Blocky Rock Mass

2.1 Research Background
The typical outcrop blocky rock mass in Jining coal mine area, Shanxi Province, China, was

taken as the research background in this study. For the convenience of mine construction, coal
and slag transportation, and miners’ living needs, a winding mountain road was reclaimed, and
blocky rock mass on the slope was exposed, as shown in Fig. 1. The natural stress state of rocks
in the open pit slope can be described as follows. Due to excavation, stress relief happens to
the rock slope, and the stress state transfers to a 2D stress state, accompanied with expansion
deformation of the free surface. Thus, collapse and falling stone are frequent geological hazards
here. In order to prevent rockfall hazards, grouting bolts, accompanied with steel belts, were
installed on the slope to make the rock slope return to a 3D stress state. The schematic diagram
is displayed in Fig. 2. Due to bolt reinforcement, blocky rock mass of the slope was transformed
into three-dimensional stress states again, shown as the mechanical unit in Fig. 2. Note that, for
sedimentary rock mass, the joint surfaces were generally parallel at the beginning, but due to
the influences of crustal movement, human disturbance, and natural weathering, the joints were
gradually staggered, resulting in complex joint networks dividing the rock mass (Fig. 2).

Blocky rock massSlope outcrop

Figure 1: Typical outcrop blocky rock mass of Jining coal mine area

2.2 Experiment Model Preparation
In the experiment, cubic models with the side length of 200 mm were prepared. The real

bolt length in site is 2000 mm, thus the geometric similarity ratio CL is 10 due to the bolt
in the experiment runs through the whole model thickness. The mixture of C32.5 ordinary
portland cement, gypsum and water was chosen as the cementing materials, and well-graded clean
river sand was chosen as the aggregate. The unit weight γm of similar materials for the rock
matrix is 16.5 kg/m3, and the real in situ sandy mudstone has a unit weight γp of 23.1 kg/m3.
Thus, the unit weight similarity ratio Cγ = γp/γm = 23.1/16.5= 1.40, and the strength similarity
ratio CR = CγCL = 10× 1.40= 14.0. The uniaxial compressive strength, tensile strength, elastic
modulus, Poisson’s ratio, and average unit weight of the real rock are listed in Tab. 1. Then,
through conducting a large number of uniaxial compression, Brazilian splitting and variable angle
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shear tests on the similar materials, the mass ratio λ1 of sand:cement:gypsum:water= 3:0.7:0.3:0.5
was finally chosen to simulate the real rock matrix. The results present that the simulated uniaxial
compressive strength σcm, elastic modulus Em, tensile strength σtm, cohesion force cm and internal
friction angle φm of rock matrix are 4.75 MPa, 1027.23 MPa, 0.71 MPa, 1.98 MPa and 25.32◦,
respectively, as shown in Tab. 1. Based on the results of some previous studies [27–29], the
structural planes were prefabricated by mixing gypsum, silicon powder and water with a mass
ratio λ2 of 1:1:0.5, and the cohesion force cj and internal friction angle φj are 0.059 MPa and
43.67◦, respectively. The aluminium bar with the diameter of 6 mm was chosen to simulate the
real bolt, with strain gauge pasted in the middle position. The steel belt is of strip shape, with
the size of 190 mm × 30 mm × 0.4 mm, and the tray is also made of steel with the size of
20 mm× 20 mm× 1.5 mm.

Mechanical unitRock slope

Joint network

Rock bolt

Anchorage 
section

Tray
Nut

Rock bolt

σ1

σ1

σ3

σ3

σ2σ2

Figure 2: Schematic diagram of blocky rock slope with bolt support

Table 1: Physical and mechanical parameters of both real rock and the model

Uniaxial compressive Tensile Elastic Poisson’s Unit
strength/MPa strength/MPa modulus/GPa ratio weight/kg ·m−3

Real rock 40∼70 7.0∼11.0 13∼25 0.22 23.1
Model 2.86∼5.0 0.50∼0.79 0.93∼1.79 0.22 16.5

The fabrication process of the blocky rock mass is shown in Figs. 3a–3f. In order to easily
demould, a layer of release agent was first applied on the inner walls of the mould. Then, the
cement, gypsum, sand and water were weighed in proportion respectively, mixed, and stirred
evenly (Fig. 3a). Then the similar materials were poured into the mould. To set the joint surfaces
and bedding planes, the model was poured layer by layer using the moulds of cross frame shape,
and to ensure the homogeneity of model, the vibration of 2–3 min was conducted for each layered
pouring, as shown in Fig. 3b. After initial solidification, the frames were taken out, and the mixed
slurry of gypsum and silicon powder was poured to produce the joint surfaces and bedding planes
with a spacing of 10 mm and 5 mm respectively (Figs. 3c–3f). When the blocky rock mass was
readily prepared, end surfaces of the models were polished, and then four bolt holes were drilled
through the whole thickness of models using a hand-operated electric drill with the diameter of
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7 mm (Fig. 3d). Finally, the models were air dried for 24 h (Fig. 3e), with the model diagram
displayed in Fig. 3f.

The constrained system of the model is shown in Fig. 3g. In the engineering site, due to
excavation of rock slope, stress relief happens to the working face, resulting in variations in the
natural stress state and corresponding expansion deformation. To prevent rockfall and slope slip
hazards, rock bolts with steel belts were chosen as the supports. Therefore, in accordance with the
natural stress and deformation conditions of the anchorage blocky rocks in situ, rigid baffles and
restraint bars were used to provide displacement constraints, and the boundary equipped with the
supports of bolt and steel belt was the corresponding deformation free surface. The axial stress
σ1 was applied using the YNS-2000 rock mechanics testing system with a constant strain rate of
0.2 mm/min [30–32] (Fig. 3h), and σ3 was realized by the bolt and steel belt reinforcement. Note,
the size of loading plate (20 mm× 20 mm) of the testing system is same as the boundary size
of the model, which satisfies the full-scale stress conditions of the rock slope. In the test, after
the bolt was installed, the epoxy typed planting bar glue was chosen as the anchoring agent, and
steel belts and nuts were installed at the bolt end of the free surface, accompanied with steel
trays. During the uniaxial compression of blocky rock mass, the axial and surface displacements
were recorded using the testing system and displacement meters, respectively (Fig. 3g). The axial
stress was real-time measured using the YNS-2000 rock mechanics testing system. The axial force
of bolt was calculated based on the strain captured by the strain gauges, with an accuracy of
±2%, and the free surface deformation of the model was measured using the displacement meters,
with the accuracy of ±0.1% F.S. The signals of both strain gauges and displacement meters were
captured by the TST3826F dynamic and static strain acquisition system. Besides, a high-speed
camera was applied to capture the real-time deformation and failure process of the models.

2.3 Experiment Results Analysis
Figs. 4a–4b show the axial stress-axial strain and lateral stress-axial strain curves of blocky

rock mass with/without anchoring under uniaxial compression, respectively. It can be seen that,
for the model without anchorage, the axial stress σ1 declines gradually after the peak strength
σ1c, indicating typical strain-softening characteristics, but for the anchorage model, the axial
stress fluctuates within a certain range, implying strain-hardening characteristics, and two peak
stress points can be observed. As a result of the bolt reinforcement, the peak strength and
elastic modulus show an increase by 21.56% and 20.0%, respectively. With increasing axial strain,
the variations in lateral stress can be divided into three stages, i.e., basically no increase, rapid
increase, and declining increase rate to stable values. The surface displacements of rock mass
with/without anchorage show a significant difference. Generally, the restriction effect of bolts
declines the deformation of model surfaces (Figs. 4c–4d).

Fig. 4e shows the evolution process of bolt force during the uniaxial compression. At the
initial loading stage, the bolt force F1 presents a relatively slow growth. At t = 250 s, the axial
stress σ1 = 7.91 MPa= 94.17% σ1c, the bolt force begins to increase. At t= 440 s, the axial stress
reaches the peak strength σ1c, and the axial force F1 of bolt #1, #2, #3 and #4 is 1.91 kN,
2.07 kN, 2.07 kN and 1.85 kN, respectively. Then, with increasing axial stress, the axial force of
bolt becomes larger. At t= 830 s, σ1 = 8.39 MPa= 99.88% σ1c, the axial force F1 of bolt #2, #3
and #4 reaches the peak values of 5.29 kN, 4.81 kN and 3.78 kN, respectively. Then, the strain
gauge on bolt #2 damages. The axial force F1 of bolt #3 and #4 drops significantly and then
fluctuates before the strain gauges damages. At t= 1060 s, σ1 = 8.10 MPa= 96.43% σ1c, the strain
gauge on bolt #1 damages, accompanied with a significant axial force drop.
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Figure 3: Experimental model preparation, constrained system and loading system. (a) Stirring.
(b) Vibration. (c) Joint surface arrangement. (d) Bolt hole drilling. (e) Air drying. (f) Model
diagram. (g) Constrained system. (h) YNS-2000 rock mechanics testing system
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Ultimate failure modes of blocky rock mass with/without anchorage are displayed in
Figs. 4f–4g. For the boundary with bolt, secondary cracks of the anchorage model are more
developed due to stress concentration near the bolt. However, for the side boundary of models,
compared with the model without anchorage, the number of cracks decreases and the crack
aperture also declines due to the bolt reinforcement. For the model without anchorage, the
ultimate failure mode presents a typical tensile failure along the joint surfaces or bedding planes,
accompanied with several shear cracks, but for the anchorage models, a shear failure of “X”
shape can be observed as a result of the three dimensional stress state in the model.

(a) (b)

(c) (d)

(e)
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(f)

(g)

Figure 4: Evolution of axial stress, lateral stress, surface displacement, bolt axial force and
ultimate failure modes of models with/without anchoring

3 Numerical Analysis on Anchorage Mechanical Properties Using 3DEC

Due to the non repeatability, heavy workload and heterogeneity of large scale experiments for
investigating the anchorage properties of blocky rock mass, and to study the evolution character-
istics of internal stress and deformation fields, the discrete element method (DEM), which was
initially developed as a two-dimensional representation of jointed rock masses, has been extended
to the application of particle flow studies, micro mechanism studies of granular materials, and the
crack development in rock masses. In DEM, the rock mass is considered as a group of discrete
blocks bonded with each other along the joints. These joints allow the blocks to move and rotate,
and individual blocks are regarded as a rigid or deformable material. The deformable blocks are
subdivided into a series of finite-difference elements, and the mechanical response of each element
conforms to the prescribed linear or nonlinear stress-strain law. The motion of joints in normal
or shear directions is also controlled by linear or non-linear force-displacement relations. The
dynamic relaxation algorithm is adopted to solve the systems of equations and the development
of large displacements is allowed as the failure occurs [33,34]. In this study, the 3DEC discrete
element numerical calculation software, which has the features of (1) allow limited displacements
and rotations, including complete separation, and (2) automatic identification of new contacts
during the calculation, was applied to reveal the anchorage mechanical behaviors of blocky rock
mass under an applied axial load [35,36].

3.1 Model Setup and Boundary Conditions
Based on the experimental model built above, cubic numerical models with the size of

200 mm× 200 mm× 200 mm were established using the 3DEC, and four bolts with trays and
steel belts were added, with the pretightening bolt force of 0, as shown in Fig. 5a. Similar to the
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experiment, the upper/lower boundaries (vertical to z axis) were loading surfaces. The boundary
#1 vertical to y axis was a free surface, and the opposite boundary was displacement constrained.
The left two boundaries (vertical to x axis) were bolt reinforced.

(a) (b)

(c)

Figure 5: Numerical model building and monitoring surfaces. (a) Numerical model. (b) Joint
surface. (c) Monitoring surfaces

From Fig. 5b, there are three different joint groups in the model, joint #1, joint #2 and
joint #3, parallel to the x0z, y0z, and x0y surfaces, respectively. In the numerical simulation, five
monitoring sections were respectively selected to investigate the deformation and stress evolution
characteristics during the loading process, as shown in Fig. 5c.

In the simulation, the strain-softening model was chosen as the constitutive model. This
model is based on the UDEC Mohr–Coulomb model with nonassociated shear and associated
tension flow rules. In the Mohr–Coulomb model, the cohesion, friction, dilation and tensile
strength are assumed to remain constant, while in the strain-hardening/softening model, these
properties may harden or soften after the onset of plastic yield. The yield and potential functions,
plastic flow rules and stress corrections are identical to those of the Mohr–Coulomb model, as
shown in Fig. 6. The following Mohr–Coulomb yield functions were utilized to failure envelope
from point A to point B:

f s = σ1− σ3Nϕ + 2c
√
Nϕ (1)

Nϕ = (1+ sinϕ)/(1− sinϕ) (2)
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and from point B to point C by a tension yield function of the following form:

f t = σ t− σ3 (3)

where σ1, σ3 are principal stresses, ϕ is friction angle, c is cohesion, and σt is the tensile strength.

A

B
fs=0 f t=0 C

2c

Nϕ

tan

c

σ3

σ 3 -
 σ 1=

0

σt

σ1

ϕ

Figure 6: Mohr–Coulomb failure criterion for block in UDEC

In the strain-softening model, the plastic shear strain is measured using the shear hardening
parameter eps, and the corresponding incremental form can be defined as follows [37]:

Δeps=
{
1
2

(
Δeps1 −Δepsm

)2+ 1
2

(
Δepsm

)2+ 1
2

(
Δeps3 −Δepsm

)2} 1
2

(4)

Δepsm = 1
3

(
Δeps1 +Δeps3

)
(5)

where Δepsj , j= 1, 3 are the principal plastic shear strain increments.

The tensile hardening parameter ept measures the accumulated tensile plastic strain, and the
corresponding increment is defined as:

Δept =Δept3 (6)

where Δept3 is the increment of tensile plastic strain in the direction of major principal stress.

Before the numerical simulation, the macro mechanical behaviors displayed in Fig. 4 were
used to calibrate the micro parameters by using the “trial and error” method. During the cali-
bration process, the macro results obtained in the simulation after each trial were used to check
the micro-parameters until the numerical results present a good agreement with the experimental
results. Tab. 2 tabulates the confirmed micro input parameters for the numerical model. For the
joint surfaces distributed in the numerical model consistent with these in the experimental one,
there were a total of 856784 microelements, and the whole calculation process took approximately
3.5 hours by using a personal computer with an i7 core.

Fig. 7 shows the comparisons between experimental and numerical axial stress-axial strain
curves of the blocky rock mass with/without anchorage. It indicates that the numerical and
experimental curves exhibit an excellent agreement, including the elastic deformation stage, crack-
ing initiation and coalescence stage and pre-peak stage. For blocky rock mass with anchorage,
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the experimental and numerical peak strength σ1c is 8.73 and 8.47 MPa, respectively, with the
deviation value ξ (ratio of difference to the average value) of 3.09%, and the experimental and
numerical residual strength σr is 7.70 and 8.47 MPa, with the deviation value ξ of 9.49%. For
the blocky rock mass without anchorage, the experimental and numerical σ1c is 6.91 and 8.08
MPa, with the deviation value ξ of 2.45%. The above analysis implies that, the micro input
parameters chosen in the numerical simulation can well reflect the macro mechanical responses
of the anchorage blocky rock mass under an applied axial load.

Table 2: Micro input parameters of the numerical model

Normal Bulk Shear Tensile Internal
Density stiffness modulus stiffness Cohesion strength friction
(kg/m3) Kn (GPa/m) K (Pa) Ks (Pa/m) force c (Pa) σt (Pa) angle ϕ (◦)

Rock matrix 2500 – 8.58e8 1e11 2.72e6 0.97e6 33.67
Joint surface – 79.2 – 3.96e8 5.89e4 0.25e6 25.32
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Figure 7: Comparison between numerical and experimental axial stress-strain curves

In the numerical study, in order to study the effects of joint surface angles on anchor-
age properties of blocky rock mass, there groups of numerical simulations were respectively
conducted, as follows:

(i) Various joint angle α1 (0, 15, 30, 45, 60, 75, 90◦). α1 denotes the included angle between
joint #3 and the x0y surface, as shown in Fig. 8a.

(ii) Various joint angle α2 (0, 15, 30, 45, 60, 75, 90◦). α2 denotes the included angle between
joint #1 and the x0z surface, as shown in Fig. 8b.

(iii) Various joint angle β1 (0, 15, 30, 45, 60, 75, 90◦). β1 denotes the included angle between
joint #2 and the y0z surface, as shown in Fig. 8c.
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(a)

(b)

(c)

α1=0° α1=15° α1=30° α1=45°

α1=60° α1=75° α1=90°
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Figure 8: Numerical models with various α1, α2 and β1 values. (a) Various α1. (b) Various α2.
(c) Various β1
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3.2 Anchorage Properties of Blocky Rock Mass with Various α1

Fig. 9a presents the axial stress-strain curves of anchorage blocky rock mass with various
α1 values. It shows that the numerical curves do not present obvious initial compaction stages
compared with the experimental results. Due to the anchorage effect of bolt, a “double peak
strength points” phenomenon is produced. The axial stress-strain curves enter the plastic strain
stage after the elastic deformation stage. After the peak strength point, the axial stress declines
to the strain-softening stage. Then, after the second peak strength, the axial stress fluctuates in a
small range and attains the residual strength.
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Figure 9: Axial stress-strain curves, elastic modulus and strength characteristics of the numerical
models with various α1 values

As α1 increases from 0◦ to 90◦, the elastic modulus Ec generally shows a variation of first
decrease and then increase, reaching the minimum value of 0.87 GPa at α1 = 60◦. However, the
peak strength σ1c, second peak strength σ2c and residual strength σr all present a first increasing
and then decreasing variation trend, reaching the maximum values of 8.38 MPa, 8.98 MPa and
8.98 MPa, respectively, at α1 = 30◦ (Fig. 9b).

After the uniaxial compression tests, variations in the average displacement contours were
analyzed according to the monitoring surfaces (Fig. 5), as shown in Fig. 10. It can be seen that:

(i) Due to compaction effects of the bolt, a cone-shaped anchorage compression zone is
formed in the anchorage body, and the anchorage compression zones of adjacent bolts
are superimposed with each other to generate a typical anchorage belt. The numerical
results are consistent with some previous results [2,23,38–42]. The above analysis indicates
that, the bolt can produce a stable cone-shaped compression zone by acting on the rock
mass to improve the overall bearing capacity.

(ii) With an increase in α1, change characteristics of the displacement for each monitoring
surface present a similar variation, all indicating the maximum displacement between two
bolts on the same steel belt. The deformation near the bolts and upper/lower model
boundaries shows the smallest value. The bolt can restrain the surface deformation of the
model obviously.
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(a)
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Figure 10: Displacement contours of the numerical models with various α1 values. (a) α1 = 0◦.
(b) α1 = 15◦. (c) α1 = 30◦. (d) α1 = 45◦. (e) α1 = 60◦. (f) α1 = 75◦. (g) α1 = 90◦
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(iii) As α1 increases from 0◦ to 90◦, the average displacement on the model surfaces shows a
first decreasing and then increasing variation, reaching the minimum value of 8.648 mm
at α1 = 45◦ (Fig. 11), which indicates that the overall bearing capacity of the anchorage
blocky rock mass first increases and then decreases with increasing α1 and verifies the
variations in the strength properties displayed in Fig. 9b.

0 15 30 45 60 75 90
8.5

9.0

9.5

10.0

10.5
u a

 (
m

m
)

 Average surface displacement ua

α1 (°)

Figure 11: Variations in the average displacements of monitoring surfaces for the models with
various α1 values

Fig. 12 shows the changes in the maximum principal stress contours of the anchorage models
with various α1 values. It can be seen that:

(i) Due to the two dimensional stress state on the model surface, the maximum principal
stress is relatively low, and the stress at the joint position decreases obviously. However,
due to the three dimensional stress state of the internal rock mass, the maximum principal
stress is obviously large, and a stress concentration/decrease phenomenon can be observed
at the joint positions. The above analysis indicates that the joints have a remarkable effect
on the internal stress distribution as well as the mechanical properties.

(ii) At the model surface, the maximum principal stress shows a great increase near the
bolt position, but deceases obviously at the joint position, which indicates that the
compaction effects of the bolt to the model is most obvious at the bolt position,
and the anchorage effect gradually weakens far away from the bolt. The variations
in the maximum principal stress are consistent with the deformation characteristics of
the model.

(iii) The anchorage effect of bolts disperses constantly along the bolt body direction, and
tends to be uniform at the middle free section of the bolt. The weak plane of joints has
a certain influence on the stress distribution in the model, and with increasing α1, the
internal stress state varies, while the stress concentration and stress decrease still happen
near the joint positions.
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Figure 12: Maximum principal stress contours of the numerical models with various α1 values.
(a) α1 = 0◦. (b) α1 = 15◦. (c) α1 = 30◦. (d) α1 = 45◦. (e) α1 = 60◦. (f) α1 = 75◦. (g) α1 = 90◦
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3.3 Anchorage Properties of Blocky Rock Mass with Various α2
Fig. 13a presents the axial stress-strain curves of anchorage blocky rock mass with various

α2 values. The elastic deformation stage of all curves before the peak stress point is almost the
same, while the post peak strain-softening stage, second peak strength, as well as the residual
strength show a significant difference for the curves of blocky rock mass with various α2 values.
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Figure 13: Axial stress-strain curves, elastic modulus and strength characteristics of the numerical
models with various α2 values

Variations in the mechanical properties of anchorage blocky models with an increase in α2 are
displayed in Fig. 13b. As α2 increases, the elastic modulus Ec shows a little difference, fluctuating
around 0.96 GPa, while the peak strength and residual strength change greatly. As α2 increases
from 0◦ to 90◦, the peak strength, second peak strength and residual strength all first increase and
then decrease, reaching the maximum values of 8.44 MPa, 9.53 MPa and 9.53 MPa, respectively,
at α2 = 30◦. Variation extent of the peak strength σ1c is small, while that for the second peak
strength σ2c is large. When α2 is smaller than 60◦, both the second peak strength σ2c and residual
strength σr are larger than the peak strength σ1c, but for α2 larger than 60◦, both the second
peak strength σ2c and residual strength σr are smaller than the peak strength σ1c.

Evolution characteristics of the displacement contours for the anchorage numerical models
with increasing α2 after uniaxial compression are displayed in Fig. 14. It can be seen that:

(i) The maximum displacement of each monitoring section in the model is symmetrical
at first, which is concentrated just below the steel belts. However, as α2 increases, the
maximum displacement contours shift gradually. The displacement under the left steel
belt decreases, while the displacement under the right steel belt gradually transfers to the
middle position. Then, with further increase in α2, the maximum displacement is located
at the middle position of the model.

(ii) As α2 increases from 0◦ to 90◦, the average displacement on the model surface shows
a variation trend of first decrease and then increase, reaching the minimum value at
α2 = 45◦. When α2 increases from 0◦ to 45◦, the average displacement just decreases by
6.99%, while for α2 increasing from 45◦ from 90◦, the average displacement increases by
44.97% (Fig. 15).
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Figure 14: Displacement contours of the numerical models with various α2 values. (a) α2 = 0◦.
(b) α2 = 15◦. (c) α2 = 30◦. (d) α2 = 45◦. (e) α2 = 60◦. (f) α2 = 75◦. (g) α2 = 90◦
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Figure 15: Variations in the average displacements of monitoring surfaces for the models with
various α2 values

Variations in the maximum principal stress contours of the monitoring surfaces with α2 are
displayed in Fig. 16. It can be seen that:

(i) At the model surface, obvious stress concentration can be observed at the bolt position,
and the stress decreases between two bolts, especially at the joint #3 position. With
increasing α2, the stress concentration at joint #3 varies gradually. For α2 = 0◦, the stress
reduction region is basically symmetrical. With increasing α2 from 15◦ to 60◦, the stress
reduction region moves to right. For α2 = 90◦, the stress reduction region returns to
the middle position again. The variation characteristics are generally consistent with the
deformation changes discussed above.

(ii) For a certain α2, obvious stress concentration is located at the bolt position, while at the
free section of the bolt, a stress reduction phenomenon is generated, which also reflects
the variations in the deformation and strength properties of the anchorage models.

(iii) For α2 = 90◦, in the experiment, the secondary cracks of the anchorage model are more
developed due to stress concentration near the bolt, which is consistent with the numerical
results displayed in Fig. 16g, where the maximum principal stress at the bolt position is
larger. Besides, due to bolt reinforcement, a shear failure of “X” shape is generated, which
can also be verified in the displacement contour results in Fig. 14g.

3.4 Anchorage Properties of Blocky Rock Mass with Various β1
Fig. 17a shows the axial stress-strain curves of anchorage blocky rock mass with various

β1 values. It can be seen that, three different kinds of curves can be identified. For β1 = 0◦,
the stress-strain curve experiences the stages of elastic stage, plastic deformation stage, peak
stress stage, strain-softening stage, second peak stress stage and residual strength stage. For
β1 = 30◦, the numerical model experiences the elastic stage, plastic deformation stage, stable stage,
second strength stage, and residual strength stage. For β1 = 15◦, 45◦, 60◦, 75◦, and 90◦, the
axial stress-strain curves experience the elastic deformation stage, plastic deformation stage, and
stable stage.
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Figure 16: Maximum principal stress contours of the numerical models with various α2 values.
(a) α2 = 0◦. (b) α2 = 15◦. (c) α2 = 30◦. (d) α2 = 45◦. (e) α2 = 60◦. (f) α2 = 75◦. (g) α2 = 90◦
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Figure 17: Axial stress-strain curves, elastic modulus and strength characteristics of the numerical
models with various β1 values

The mechanical properties of blocky rock mass with various β1 values are displayed in
Fig. 17b. As β1 increases from 0◦ to 90◦, the elastic modulus shows a first decrease and then
increase variation, obtaining the minimum value of 0.74 GPa at β1 = 30◦. Both the peak strength
and residual strength increase gradually with increasing β1, and the increase extent also shows
an increase. However, the second peak strength just happens to β1 = 0◦ and 30◦, and the second
peak strength is larger than the peak strength σ1c.

Variations in the average displacement contours of monitoring surfaces for the blocky rock
mass with various β1 values are displayed in Figs. 18–19. It can be seen that:

(i) For β1 = 0◦, the maximum deformation of the model surfaces happens between two bolts.
With an increase in β1, the maximum deformation position gradually transfers to the
center and both ends of the model, e.g., β1 = 15◦, 30◦ and 45◦. When β1 is larger than
60◦, the deformation far away from the bolt increases obviously due to variations in the
blocky structures.

(ii) The deformation distribution inside the model is basically the same, indicating the largest
deformation in the middle steel belt position while small deformation at the model ends.
With increasing β1, the average surface displacement of the model generally shows a
decreasing variation trend. However, for β1 = 60◦, the average displacement undergoes
an obvious increase, which is mainly due to relatively large slip along the joints for
β1 = 60◦, but for larger β1 values, the joint surface direction is gradually parallel to the
loading direction, leading to a decrease in the deformation but an increase in the shear
resistance capacity.

The maximum principal stress contours on the monitoring surfaces for the models with
various β1 values are distributed in Fig. 20. It can be seen that:

(i) At the model surface, obvious stress concentration can be observed at the bolt position
and both end surfaces of the model. However, due to superposition between the stress
fields of joints and bolts, the stress concentration phenomenon near the bolts for β1 = 30◦,
60◦, 75◦ and 90◦ is not obvious.
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Figure 18: Displacement contours of the numerical models with various β1 values. (a) β1 = 0◦.
(b) β1 = 15◦. (c) β1 = 30◦. (d) β1 = 45◦. (e) β1 = 60◦. (f) β1 = 75◦. (g) β1 = 90◦
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Figure 19: Variations in the average displacements of monitoring surfaces for the models with
various β1 values

(ii) At the free section of the bolt, the stress is mainly reduced on the vertical weak
planes, but on the horizontal weak planes, both stress concentration and stress reduc-
tion can be observed. As β1 varies, the included angle between the joint surfaces
and loading direction as well as the bolt direction varies, which results in changes in
the stress distribution on the joint surfaces, leading to variations in the strength and
deformation properties.

(a)

(b)

(c)
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Figure 20: Maximum principal stress contours of the numerical models with various β1 values.
(a) β1 = 0◦. (b) β1 = 15◦. (c) β1 = 30◦. (d) β1 = 45◦. (e) β1 = 60◦. (f) β1 = 75◦. (g) β1 = 90◦

From the numerical simulation results of anchorage models with various α1, α2 and β1 values
discussed above, variations in σ1c, σ2c, σr, and Ec of the models with increasing dip angle α1
and α2 are similar. As α1 or α2 increases, the average displacement ua presents a first decrease
and then increase variation, achieving the minimum value at the angle of 45◦. However, changes
of the strength parameters of anchorage models with various β1 values are different, compared
with the results of anchorage models with various α1 and α2 values. As β1 increases, ua generally
decreases. The above difference in strength and deformation parameters of the anchorage models
with various α1, α2 and β1 values might be due to various included angles between the joint
surfaces and the loading direction, as well as the anchorage direction of the bolt.

4 Discussion

In the former experiment, ultimate failure modes of the anchorage rock mass can be char-
acterized by shear or splitting failure. The shear failure is associated with shear resistance of
both the rock matrix and structural planes, and the splitting failure is mainly associated with the
cohesion force and internal frictional angle of both rock matrix and the structural planes. After
bolt reinforcement, bearing capacity of the anchorage rock mass shows an obvious increase.
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From the simplified mechanical unit shown in Fig. 2, the anchorage body is mainly affected
by three directional stresses, i.e., vertical load σ1, lateral restraint σ2 and the bolt effect σ3, as
listed in Tab. 3.

Table 3: Summary table of mechanical analysis for the structural planes

Joint surface Normal stress Shear stress Failure condition

#1 σ = σ1 cosα+ σ3 sinα τ = σ1 sinα− σ3 cosα σ1 > σ3

(
1+μ2

tanα−μ
+μ

)

#2 σ = σ2 cosβ + σ3 sinβ τ = σ2 sinβ − σ3 cosβ σ2 > σ3

(
1+μ2

tanβ −μ
+μ

)

#3 σ = σ1 sinγ + σ3 cosγ τ = σ1 cosγ − σ3 sinγ σ1 > σ3

(
1+μ2

μ(1−μ tanγ )
− 1

μ

)

Notes: α, β and γ are dip angles of joint surfaces #1, #2 and #3, respectively. μ is the frictional coefficient of the joint surfaces.

During the test, failure happens to the model when the tensile stress is larger than the tensile
strength of the rock block, which can be discussed as follows:

(i) The limit value of σ3 supplied by the bolt is constant. Thus, for dip angle α,β >

arctan(μ), shear slip failure may happen on the joint surfaces, and when the joint dip
angle increases, the required stress for the shear failure is smaller. However, for γ <

arctan(1/μ), with increasing dip angle, the stress required for the shear failure shows an
increase, resulting in a larger bearing capacity.

(ii) The strength properties of the joint surfaces are closely related to the imposed normal
stress. For α < arctan(σ3/σ1) and β < arctan(σ2/σ1), with increasing dip angle of the joint
surfaces, the normal stress acting on the structural planes increases continuously, resulting
in increasing bearing capacity of the joints. However, for γ < arctan(σ1/σ3), due to much
larger σ1 than σ3, arctan(σ1/σ3) is close to 90◦. Thus, as the dip angle increases, the
normal stress imposed on the joint surfaces increases continuously, resulting in gradually
increasing bearing capacity of the model.

(iii) When the included angle between joint surfaces and the bolt direction is larger, the
anchorage reinforcement of the bolt is more obvious. However, when the bolt is parallel
to the joint surfaces, the bolt has little effect on the structural planes. On the one hand,
the role of the bolt support is to make the rock mass three-dimensional stress state
through compression effect, and on the other hand, the compression effect improves both
the tensile strength and shear resistance of the joint surfaces.

5 Conclusions

In this study, both anchorage strength and deformation properties of the blocky rock
mass were experimentally and numerically investigated. The main conclusions can be drawn
as follows:

(1) Due to bolt reinforcement, after the peak strength, axial stress of the anchorage model
fluctuates within a certain range, implying typical strain-hardening characteristics, and
the peak strength and elastic modulus increase by 21.56% and 20.0%, respectively. The
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lateral strain generally undergoes three stages of no increase, rapid increase and attain-
ing stable values, and the restriction effect of the bolt declines the deformation of the
model surfaces.

(2) With increasing α1 from 0◦ to 90◦, both the elastic modulus and surface displacement first
decrease and then increase, while the peak strength, second peak strength and residual
strength first increase and then decrease. With increasing α2 from 0◦ to 90◦, the elastic
modulus of the anchorage models keeps generally constant, while the peak strength,
second peak strength and residual strength first increase and then decrease. The surface
displacement first decreases and then increases. With increasing β1 from 0◦ to 90◦, the
elastic modulus first decreases and then increases, while both the peak strength and
second peak strength show a continuous increasing variation. The surface displacement
gradually decreases.

(3) Due to the effects of bolt reinforcement, cone-shaped compression zones are generated
in the model, and the compression zones of adjacent bolts superimpose with each other
to form anchorage belts, which improves the overall bearing capacity of anchorage struc-
tures. Obvious stress concentration can be observed at both the bolt end and anchorage
section. Due to variations in the included angle between joint surfaces and the bolt
direction, the maximum principle stress fields vary. The bolt reinforcement effects improve
the normal stress of structural planes, which enhances the strength properties of both
joint surfaces and the overall rock mass, especially the shear resistance.
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