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Abstract

To elucidate the active—passive reinforcement mechanisms of rock bolts and the evolution
of shear strength in anchored rock joints, this study integrates theoretical analysis, labo-
ratory direct shear tests, and numerical simulations to investigate the deformation and
failure characteristics of fully grouted, end-anchored, and prestressed bolted specimens.
The results show that bolt reinforcement can be classified into prestress-dominated active
action and dislocation-induced passive action. The shear strength curve of anchored rock
joints exhibits four distinct stages with increasing shear displacement: initial slip, elasticity,
yielding, and softening. Fully grouted bolts fail primarily by tensile—shear fracture, en-
abling a rapid increase in shear strength at small displacements. In contrast, end-anchored
bolts undergo S-shaped bending and form symmetrical plastic hinges on both sides of
the joint, sustaining resistance under large displacements albeit with lower peak strength.
While the laboratory tests experimentally clarified the distinct failure modes and passive
shear resistance mechanisms of fully grouted and end-anchored bolts, the quantitative
partitioning between active and passive contributions was derived from a numerically
simulated prestressed bolt model. The simulations indicate that for prestressed bolts, the
active contribution accounts for approximately 69.6% of the total shear strength enhance-
ment, while the passive contribution is about 30.4%. These findings yield actionable design
criteria: end-anchored or yielding bolts are recommended for high-geostress environments
or scenarios involving large potential deformations to exploit the large-deformation bearing
capacity of passive action; conversely, prestressed bolts should be prioritized where strict
control of early-stage deformation is required to maximize active support efficiency.

Keywords: anchored rock joints; active-passive behavior; shear resistance; direct shear test;
failure mode

1. Introduction

Rock bolts, as a critical support technology, are extensively utilized for the stabiliza-
tion and reinforcement of rock masses in engineering fields such as slopes, underground
caverns, and mining roadways [1-3]. Rock joints, acting as inherent weak zones within rock
masses, compromise integrity and continuity. They are the primary triggers for engineering
disasters, including slope instability, tunnel collapse, and surrounding rock slippage in
stopes [4,5]. In practical engineering, the deformation direction of the surrounding rock
often deviates from the axial direction of the bolt. Particularly when rock joints are devel-
oped, bolts are subjected to coupled axial tension and transverse shear loads, rendering
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them susceptible to tensile-shear fracture or bending yield. Such failures can lead to the loss
of support effectiveness and subsequent engineering hazards [6,7]. Therefore, elucidating
the mechanism by which bolts enhance the shear strength of rock joints and its evolution
law holds significant practical importance.

The enhancement of shear strength provided by bolts is essentially governed by the
manner in which stress is generated. Existing studies categorize this effect into active action
and passive action. Active action originates from the application of prestress, providing
an initial shear resistance prior to rock joints” dislocation, thereby controlling early-stage
deformation. Conversely, passive action is induced by the dislocation of the rock joints
themselves, further enhancing shear capacity through localized stress concentration and
deformation responses of the bolt. Ge et al. [8] established a theoretical formula for the
shear strength of bolted rock joints, clarifying the contributions of the bolt dowel effect
and axial force conversion. Ferrero [9] experimentally revealed the influence of rock mass
strength on bolt failure modes. Regarding experimental investigations, direct shear tests
on anchored specimens with rock joints under various working conditions have been
conducted to explore shear performance and mechanisms [10-13]. In terms of numerical
simulation, modifications to FLAC3D elements have been implemented to simulate the
tensile-shear coupled failure of bolts [14-20].

However, current research predominantly focuses on fully grouted conditions. There
remains a notable lack of understanding regarding the mechanism when rock joints are
located within the free segment of the bolt. Furthermore, the synergetic evolution law and
quantitative contribution analysis of active-passive actions are insufficient, and the dynamic
correlation between the local deformation range of the bolt and the shear displacement of
the rock joints remains unclear.

Although Tang et al. [7] numerically investigated the passive reinforcement mecha-
nism of bolts under rock joint dislocation and briefly discussed end-anchored scenarios,
that study did not incorporate prestressed bolts, experimental validation, or a systematic
comparison between anchorage types. Moreover, the quantitative partitioning of active and
passive contributions and the diagnostic criterion for bolt failure modes remained unde-
fined. To address these gaps, this study integrates laboratory direct shear tests and numeri-
cal simulations to: (i) systematically compare the deformation and failure characteristics of
fully grouted and end-anchored bolts; (ii) quantify the synergistic contribution of active
(prestress) and passive (dislocation-induced) actions; and (iii) establish a failure criterion
based on the grout damage length. The incremental novelty thus lies in the multi-anchorage
typology, the inclusion of prestress effects, and the experimental-numerical integration.

2. Theoretical Analysis of Load Transfer Mechanisms in Anchored
Rock Joints

2.1. Classification of Active and Passive Strength Enhancement Stages

Based on the origin of stress generation within the bolt, the reinforcement effect is
classified into active action and passive action. Active action refers to the enhancement of
shear strength induced by bolt pre-stress prior to any displacement. Passive action refers
to the enhancement induced by the dislocation of the rock joints themselves. As the rock
joint dislocates, the shear strength curve can be divided into four distinct stages: initial slip,
elastic stage, yielding stage, and softening stage, as illustrated in Figure 1.

1. Initial Slip Stage

During the initial slip stage, the shear stress increases rapidly, manifesting as a near-
vertical linear segment on the stress-displacement curve. The height of this segment is
determined by both the inherent shear strength of the rock joints and the magnitude of the
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bolt pre-stress. At this point, due to the minimal shear displacement, local deformation of
the bolt at the rock joint location has not yet occurred. Consequently, the pre-stress in the
bolt exerts an active supporting role, elevating the shear strength of the rock joints.

2. Elastic Stage

As the shear displacement increases, local deformation begins to develop in the bolt
near the rock joints. The bolt remains in an elastic state, and the shear strength curve
enters the elastic stage. During this phase, the shear strength increases rapidly. Since this
enhancement is triggered by the relative displacement of the rock joints, the bolt functions
passively to improve the shear resistance.

3. Yielding Stage

With continued displacement, the bolt undergoes bending yield. The shear strength
curve enters the yielding stage, characterized by a deceleration in the growth rate of the
slope until it stabilizes. The onset of yielding is influenced by three factors: the yield
strength of the bolt, the strength of the surrounding rock, and the anchorage method.
Specifically, a higher bolt yield strength leads to a larger shear displacement at the yielding
point. Conversely, weaker rock mass properties result in a larger displacement required to
reach yielding. Regarding anchorage methods, bolts with a free segment at the rock joints
exhibit yielding at larger displacements compared to those with a fully grouted segment.

4.  Softening Stage

With further dislocation, the asperities on the rock joints are flattened, sheared off,
and crushed into fine powder. This process weakens the friction coefficient of the joint.
Consequently, the normal force component converted from the bolt’s tensile axial force
diminishes, leading to a decline in the shear stress curve.

In summary, the primary characteristic of active action is the provision of immediate
shear strength prior to the movement of rock joints, effectively controlling early-stage
dislocation. In contrast, passive action is characterized by the increase in bolt axial force
resulting from local deformation caused by ongoing dislocation, thereby continuously
enhancing shear strength as the displacement progresses.

Initial Sliding Stage
0.9 _L‘ Elastic Stage J‘Yielding Stage| Softening Stage |

Passive improvement

Active improvement

Shear Strength of Rock Joint /MPa

.0V T 7 T T T T T
0 1 2 3 4 5 6

Shear Displacement /cm

Figure 1. Shear strength variation in bolted rock joints.
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2.2. Calculation of Shear Strength Improvement of Rock Joints by Bolt Active and Passive Actions

Ge Xiurun et al. [8] proposed the calculation formula for the shear strength of anchored
rock joints, as expressed in Equation (1). According to this model, where 7; is the shear
strength of the rock joints (MPa), and comprises four distinct components: 7; is the inherent
shear strength of the rock joints themselves (MPa), 134 is the contribution from the dowel
action of the bolt body (MPa), 13, is the contribution induced by the normal component of
the bolt axial force (MPa), and Ty is the contribution induced by the tangential component
of the bolt axial force (MPa).

Tpj = Tj + Tod + Toi + Tos 1

Building upon Equation (1), the passive enhancement of the rock joint shear strength
by the bolt is provided by the incremental axial stress Ao generated after the bolt undergoes
local deformation. It should be noted that Ac is governed by the coupled interaction
between the bolt axial stiffness, the shear stiffness of the rock joint, and the evolving
damage zone within the grout. Due to the complexity of this nonlinear response, Ac is
treated here as a semi-empirical parameter derived from the kinematic constraint of joint
dislocation, rather than a variable predicted by a closed-form constitutive law. In this study,
the magnitude of Ac is quantified through numerical simulations (Section 4.2).

Tj = Cj+0jtan ¢; (2)

Tpg = Tp-1] (sina — cos a- tan ¢;) (3)
Ty = (0p + Ao) sina- tan @;-7 4)
Tps = (0p + Ac) cos a1y (5)

With the dislocation of the rock joints, the force condition of the bolt is shown in
Figure 2. Among these parameters:

Z

Bolt Anchor Grout

Bolt
Local Deformation|

Grout and Zone of Bolt

T. Surrounding
Rock Joint J Rock Damage

Rock Joint

(b)

Figure 2. Schematic diagram of bolt reinforcement mechanism acting on the rock joints. (a) Macro-
mechanical model showing the force state. (b) Micro-damage model showing grout and bolt deformation.

0p: Axial stress of the bolt at the rock joints (tensile stress is positive), MPa;

Tp: Shear stress of the bolt at the rock joints, MPa;

Ac: Incremental axial stress of the bolt induced by the dislocation of the rock
joints, MPa;

0j: Normal stress of the rock joints, MPa;

C j: Cohesion of the rock joints, MPa;

¢;: Friction angle of the rock joints, °;
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«: Bond angle of the bolt (defined as the angle between the shear displacement
direction of the rock joints and the bolt on the same side), °;

1: Ratio of the cross-sectional area of a single bolt to the area of the rock joints.

At is the increment of shear strength of the rock joints caused by the bolt action, MPa:

ATj = Tpg + Tpi + Tps (6)

The passive enhancement of the rock joints” shear strength by the bolt is provided by
the incremental axial stress Ac generated after the bolt undergoes local deformation, which
is reflected in 13,; and Ty;.

2.3. Failure Modes and Stress Evolution Laws of Bolts

When a rock joint dislocates, two primary failure modes may occur at the bolt location:
shear failure and bending failure.

Case 1: Bolt Shear Fracture.

Shear failure occurs when the local damage to the grout at the rock joints is negligible
or very limited. In this scenario, as the surrounding rock displaces, shear forces dominate,
leading to the direct cutting of the bolt shank, as illustrated in Figure 3.

Shear Plastic

Displacement [~ Hinge
. . G .

Rock Joint Rock Joint
—p Shear
Displacement
- Bolt | Bolt |
(a) Bolt failure due to shear (b) Bolt yielding due to bending

Figure 3. Failure modes of bolts at rock joints: (a) shear failure, where the bolt is fractured across the
rock joints; (b) bending yield, where a plastic hinge is formed in the bolt due to bending deformation.

Case 2: Bolt Bending Yield.

Bending yield occurs with increasing shear displacement, accompanied by progressive
damage to the grout near the rock joints. When the damage range of the grout reaches
or exceeds 5d (where d is the bolt diameter), plastic hinges form on both sides of the
rock joints, as shown in Figure 3. At this stage, further dislocation does not increase the
shear strength of the rock joints, indicating that the bolt has reached its limit state and is
considered to have failed.

It can be concluded that the failure mode of the bolt is critically dependent on the
constraint condition at the rock joints. A limited constraint range typically results in shear
fracture, whereas a substantial constraint range leads to bending yield; this constraint is
governed by factors such as grout damage length, rock strength, dislocation magnitude,
and anchorage method. Based on the origin of stress generation, the bolt’s reinforcement
effect is classified into active action and passive action. Active action, driven by pre-stress,
provides an initial shear strength prior to rock joints” movement, effectively suppressing
early-stage dislocation. In contrast, passive action is triggered by the dislocation-induced
local deformation of the bolt, which increases the bolt stress to enhance shear resistance.
The defining characteristic of passive action is the progressive increase in shear strength
with accumulating shear displacement.
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3. Laboratory Direct Shear Testing of Anchored Rock Joints
3.1. Specimen Fabrication and Design of Anchorage Parameters

To investigate the shear behavior of anchored rock joints under rock mass dislocation,
scaled physical models were developed to simulate field conditions. Based on typical
engineering support parameters—a borehole diameter of 32 mm, a bolt diameter of 20 mm,
and a bolt spacing of 800 mm x 800 mm—this study established the prototype geometry.
Adopting a geometric similarity ratio of C; = 8:1, the model dimensions were scaled to
100 mm x 100 mm x 80 mm (L x W x H). resulting in a 4 mm drill hole and a 2.5 mm
bolt diameter.

Due to the inherent difficulty in identifying micron-sized metallic materials that
simultaneously satisfy both geometric and elastic similarity laws, magnesium-aluminum
alloy rods were selected as feasible similitude materials for the bolt body. These rods were
secured using M3 washers and nuts. The mechanical parameters of both the prototype
HRB335 steel and the model alloy are summarized in Table 1 for comparison.

Table 1. Mechanical parameters of bolt material.

Material

Drilling Di-  Bolt Diame-  Elastic Modu- Poisson’s Yield Tensile
ameter/mm ter/mm lus/GPa Ratio Strength/MPa  Strength MPa

HRB335

32.0 20.0 200.0 0.30 335.0 455.0

Aluminum-

Magnesium Alloy

4.0 2.50 69.3 0.33 195.0 230.0

In conventional engineering practice, cement mortar or resin is typically utilized
as the grouting agent. However, given the small borehole diameter of 4 mm in this
experiment, cement mortar was deemed impractical for effective anchorage. Consequently,
an epoxy-based rebaring adhesive was selected as the grouting agent for this study. While
the mechanical properties of epoxy adhesives differ from those of cementitious grout,
their higher bond strength and stiffness are advantageous for simulating the load-transfer
behavior at the bolt—grout interface in scaled models. This adhesive is formulated from two
components: modified epoxy resin and a curing agent, mixed at a 1:1 ratio according to
standard engineering configurations. The mechanical parameters of the selected grouting
agent are presented in Table 2.

Table 2. Mechanical parameters of anchoring agent.

Material

Compressive Tensile Elastic Modu- Poisson’s Cohesion/ Friction
Strength/MPa  Strength/MPa lus/GPa Ratio MPa Angle/°

Anchoring Agent

28.25 4.38 1.78 0.12 6.40 16.5

In geomechanical model tests, the stress similarity ratio (Cy) is commonly selected as
1.5 times the geometric similarity ratio (C;) to account for the scale effect on rock strength, as
suggested by previous studies [21]. Accordingly, with a geometric similarity ratio of C; = 8:1,
the stress similarity ratio for the rock-like specimens was set to C,= 12:1. Considering
the failure characteristics of the rock joints, the stability of mechanical properties, and the
ease of fabrication, high-strength gypsum powder was selected as the modeling material
and prepared at a mass ratio of 1:0.4 (gypsum powder to water). Uniaxial compression
and Brazilian splitting tests were conducted to characterize the mechanical properties of
the gypsum specimens, as summarized in Table 3. To obtain the shear parameters of the
prefabricated rock joints, direct shear tests were performed under various normal stresses.
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Through linear fitting of the test data, the cohesion (C;) of the gypsum rock joints was
determined to be 0.0233 MPa, with an internal friction angle (¢;) of 35.16°.

Table 3. Comparison of basic mechanical parameters between rock-like materials and sandstone.

Material Compressive Tensile Elastic Modu- Poisson’s  Cohesion/ Friction
Strength/MPa  Strength/MPa lus/GPa Ratio MPa Angle/°
Sandstone 20.00~170.00 2.00~25.00 3.00~35.00 0.10~0.30  1.00~40.00 25~60
Rock-like Material 1.67~14.17 0.17~2.08 0.25~2.92 0.10~0.30  0.08~3.33 25~60
Gypsum Specimen 13.12 1.82 1.87 0.28 0.08 48

Note: The mechanical parameters of the gypsum specimens fall within the typical range of natural sandstone,
ensuring the validity of the scaled modeling approach.

Two anchorage scenarios were investigated in this study: fully grouted anchorage and
end-anchorage, as illustrated in Figure 4. For the fully grouted specimens, the borehole
was first filled with epoxy-based rebaring adhesive, followed by the insertion of the bolt,
installation of the washer, and tightening of the nut. For the end-anchored specimens, the
bolt was inserted directly into the borehole without filling the entire hole, and then the
washer was installed, and the nut was tightened to secure the bolt.

Junl m

Bolt Anchor Groyt Bolt

N % N
|

|
= =

(a) Fully Bonded Anchorage (b) End Anchorage
Figure 4. Schematic diagram of specimens with different anchoring conditions.

3.2. Experimental Scheme Design

The direct shear tests were conducted using an RLJW-2000 microcomputer-controlled
rock servo triaxial and shear testing machine. The horizontal shear loading system and
the vertical loading system were employed to apply loads to the specimens. During the
test, the specimen was placed into the horizontal shear stress loading system with the rock
joints oriented vertically, as shown in Figure 5. The horizontal direction of the specimen
was constrained, while the vertical direction was loaded.

The detailed experimental procedure was as follows:

1.  Preheating and Inspection: The testing machine was preheated, and the indicators of
all sensors were checked to ensure they were within the normal operating range.

2. Specimen Protection: Before placing the specimen, steel plates with pre-drilled holes
were positioned on the left and right sides of the specimen. The portion of the bolt
extending out of the specimen was inserted into the holes of the steel plates to prevent
damage to the ends of the anchored specimen during loading.

3. Sensor Setup: Horizontal and vertical displacement sensors were arranged appropri-
ately, and their positions were adjusted to ensure normal readings.

4. Horizontal Confinement: A horizontal stress of 0.05 MPa was first applied to fix
the specimen. Once the horizontal stress reached the predetermined value, it was
maintained as a constant.
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5. Vertical Loading: The vertical loading rate was set to 0.3 mm/min, with a maximum
displacement observation limit of 12 mm.

6. Data Acquisition: Real-time shear data were recorded by a computer. The test was
terminated and unloaded once the shear stress-shear displacement curve showed a
peak or the bolt fractured.

7. Documentation: Photographic records of the specimens were taken during the test,
and all data were preserved for subsequent analysis.

During the shearing process, the vertical load and displacement, along with the
horizontal load, were monitored to obtain the variation curve of the shear strength of the
rock joints. The enhancement of shear strength provided by the bolt was calculated using
Equation (6).

At =1—1 =17~ (Cj+0jtan¢;) (7)

where AT is the increment of shear strength enhanced by the bolt, and 7 is the total shear
strength monitored during the test. The definitions of C;, ¢;, and 0; are consistent with
those provided in Section 2.2.

) Displaement
Monitoring

Figure 5. Test system and loading method. (a) Horizontal loading system for applying normal
stress to the rock joint. (b) Vertical loading system for inducing rock joint dislocation. (¢) RLJW-2000
machine and close-up of the bolt—joint configuration within the shear box.

3.3. Shear Mechanical Characteristics of Specimens Under Fully Grouted and
End-Anchored Conditions

3.3.1. Failure Characteristics of Fully Grouted Bolts

Under fully grouted conditions, the variation curve of the rock joints shear stress with
dislocation is shown in Figure 6. It can be observed that the shear stress curve can be
divided into three distinct stages:

1. Initial Stage: The shear stress increases sharply with shear displacement, exhibiting a
steep slope.

2. Strengthening Stage: Compared to the initial stage, the growth rate of shear stress
slows down, showing a relatively reduced slope.

3.  Failure Stage: The bolt within the rock joints fractures, leading to a rapid drop in shear
stress. The residual shear stress corresponds to the inherent shear strength of the rock
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joints (7;). At this point, the increment of shear strength provided by the bolt (A7) is
quantified as the difference between the peak stress and 7;.
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Figure 6. The variation curve of shear stress of the rock joint under a full-anchor condition.

With the dislocation of the rock joints, damage to the surrounding rock and grout

near the joint releases the constraint on the bolt, subjecting it to a tensile-shear coupled

stress state and ultimately leading to tensile-shear fracture. As illustrated in Figure 7,
specimens Z-1, Z-3, Z-4, and Z-5 exhibited smooth and flat fracture joints, indicative of
shear-dominated tensile-shear fracture. In contrast, Specimen Z-2 fractured near the bolt

end with evident necking, indicating a tension-dominated tensile-shear fracture. The

lengths of the local deformation zones for these five specimens were 3.72 mm, 10.95 mm,

6.33 mm, 5.89 mm, and 11.13 mm, respectively. Notably, as the fracture of Z-2 occurred

outside the rock joints deformation zone, it was treated as an outlier and excluded from

the statistical analysis. Based on the remaining four groups, the average length of the local
deformation zone was calculated to be 6.7675 mm.
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Figure 7. Failure characteristics of fully grouted bolts at rock joints: (a) overall failure modes of
bolts in the fully anchored condition; (b) localized tensile-shear fracture of the bolt at the rock joints;
(c) detailed views of the bolt fracture morphology.

3.3.2. Failure Characteristics of End-Anchored Bolts

Under end-anchored conditions, the variation curve of the rock joint’s shear stress
with dislocation is shown in Figure 8. The subsequent failure stage shown schematically in
Figure 8f is therefore inferred based on numerical simulations, rather than being directly
observed in the physical tests. Unlike the fully grouted specimens, the shear stress curve
exhibits only two stages:

1. Elastic Stage: The shear stress increases linearly with shear displacement, characterized
by a relatively steep slope.

2. Yielding Stage: The shear stress stabilizes and maintains a constant value despite
continued dislocation of the rock joints.

The deformation characteristics of the end-anchored bolts are shown in Figure 9. The
deformation is primarily concentrated near the rock joints, manifesting as an S-shaped
bending pattern, with the failure mode identified as bending yield and the formation of
two symmetrical plastic hinges on either side of the plane. Compared to fully grouted bolts,
the deformation zone at the rock joints is significantly larger. For specimens D-1 to D-5, the
bending rotation angles were measured as 51°, 54°, 48°, 50°, and 59°, respectively, while
the corresponding distances between the plastic hinges were 9.78 mm, 8.12 mm, 11.03 mm,
10.91 mm, and 7.21 mm. During bending yield, the bolt segment between the plastic hinges
undergoes tensile deformation, exhibiting evident necking along the bolt shank.

Under end-anchored conditions, a gap exists between the bolt and the borehole wall,
leaving the bolt initially unconstrained. As the rock joints begin to dislocate, the surround-
ing rock comes into contact with one side of the bolt when the shear displacement reaches
1 mm (Figure 10a), initiating bolt deformation under shear. With continued dislocation
beyond 2 mm, the bolt contacts the rock mass on the opposite side of the joint (Figure 10b).
Given that the bolt stiffness is significantly higher than that of the rock mass, damage occurs
at the contact points, forcing the bolt to bend locally near the rock joints and manifesting
as bending yield with pull-out failure characteristics. If the dislocation continues until
the bolt reaches its plastic limit, it would fracture, causing the shear stress to drop to the
residual strength (7;). However, due to the 12 mm displacement limit of the RLJW-2000
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testing machine (Changchun Chaoyang Test Instrument Co., Ltd., Changchun, China), the
test was terminated upon reaching this maximum stroke; consequently, only the yielding
stage of the bolt was captured in this study.
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Figure 8. The change curve of shear stress of a rock joint under end-anchoring. Note: In (f), the
solid line represents experimentally obtained data; the dashed line indicates the inferred failure
stage extrapolated from numerical simulations, as the physical test was terminated at the 12 mm
displacement limit before bolt fracture occurred.

To further investigate the interaction between bolt deformation and rock joint mechan-
ics, the correspondence between the bolt rotation angle and the shear strength is plotted
in Figure 11a. The fitted curve exhibits an inflection point at approximately 50°. When
the rotation angle is less than 50°, the shear strength increases proportionally with the
angle. However, once the angle exceeds 50°, the shear strength stabilizes at approximately
0.975 MPa, indicating that the bolt has entered the yielding stage. Similarly, the relationship
between the rotation angle and the plastic hinge spacing is shown in Figure 11b. A clear
inverse relationship is observed: as the rotation angle increases, the spacing between the
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plastic hinges decreases. Consequently, a smaller plastic hinge spacing corresponds to a
larger rotation angle, which in turn results in a higher shear strength of the rock joints.

Figure 9. Failure form of end-anchored bolt: (a) bending failure mode of the bolt; (b) necking phe-
nomenon at the bending yield section; (c) detailed views of the bent regions with specific dimensions.

Unilateral ~compression
of the bolt in the loading [§
direction

Surrounding rock in
contact with one side [§
of the bolt

(a) Shear displacement between 8/2 and & (b) Shear displacement greater than §

Figure 10. Mechanical behavior of end-anchored bolts under shear displacement (5: Radial clearance).
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Figure 11. Relationship between bolt rotation angle and mechanical properties: (a) shear strength,
and (b) plastic hinge spacing.
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3.4. Evolution Law of Shear Strength in Rock Joints

The preceding analysis revealed distinct shear stress responses: the fully grouted
specimens exhibited a three-stage curve, while the end-anchored specimens displayed a
two-stage curve. These curves were simplified to illustrate the variation in shear stress
under increasing displacement, as shown in Figure 12. Under fully grouted conditions, the
slopes of all stages are steeper than those of the end-anchored case, enabling a rapid increase
in shear strength at relatively small displacements. Conversely, although the end-anchored
configuration provides a lower rate of strength enhancement, it offers superior ductility.
After reaching the bending yield, the bolt does not fail immediately; instead, it continues to
provide resistance against rock joints” dislocation even under large shear displacements.

0. 181
—O0— End-Anchored Bolts

0.169 —o— Fully Grouted Bolts -
0. 14 1

127
10 1
08

Shear Stress / MPa

© o o o o o ©

06 1
04

021

00

Shear Displacement / mm

Figure 12. Shear stress-displacement curves of rock joints for end-anchored and fully grouted bolts.

4. Numerical Simulation Analysis of Shear Characteristics in Anchored
Rock Joints

4.1. Establishment of the Numerical Model

A complete rock bolting system comprises the bolt body, grout, bearing plate, and nut.
Based on the presence of grout filling within the borehole, the bolt is functionally divided
into the anchorage segment and the free segment. To investigate the evolution of shear
strength in anchored rock joints under various anchorage conditions, a three-dimensional
numerical model was developed using FLAC3D 6.0. The rock mass, bolt, and grout were
simulated using solid elements. The interactions at the bolt-grout and grout-rock interfaces
were captured using interface elements governed by the Coulomb friction law, with the
mechanical parameters assigned according to Tables 4-6; a numerical model was developed
(Figure 13a). The model simulated the surrounding rock as sandstone, the bolt as HRB335
rebar, the bearing plate as Q235 steel, and the grout as epoxy resin. The rock joints were
idealized as a smooth, unfilled discontinuity, with a pre-stress of 150 MPa applied to
the bolt.

Table 4. Material properties table.

Material Bulk Modu-  Shear Modu- Cohesion/MPa Friction Tensile Yield
lus/GPa lus/GPa Angle/° Strength/MPa  Strength/MPa
Sandstone 15.6 12.7 11.0 43.0 5.0 -
Grout 6.9 5.6 12.0 30.0 6.0 -
Bolt 166.7 76.9 - - 455.0 335.0
Bearing Plate 166.7 76.9 - - 455.0 335.0
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Table 5. Mechanical parameters of the strain softening model for the anchoring agent.
Plastic Shear Strain 0 5x 1074 1x10-3 5 x 102 1x 101
Cohesion/MPa 12.00 6.00 1.00 0.10 0.05
Internal Friction Angle/° 30 30 28 28 28
Table 6. Rock joint-related mechanical parameters.
. . Normal Shear . .. o
Plastic Shear Strain Stiffness/(GPa-m-1) Stiffness/(GPa-m-1) Cohesion/MPa  Friction Angle/
Rock joints I 2000 2000 0.1 20
Rock joints II 2000 2000 0.1 20
Rock-Grout 9578 9578 8.0 30
Bolt-Grout 9578 9578 10.0 30
Bolt-Plate 21,688 21,688 10.0 32
Plate-Rock 60,000 60,000 - -
Axial Stress(Pa) !
o
1.4x10° 1 i -
1200 { Roct ot 1]
8.0x107 Step 1

Rock Joint I

Bearing plate

0.;11\‘.'

Rock Joint II

<05/m 2m

4.0x107
I 2.0x107
0

I
1
6.0x107 J
1

150MPa ! Rock Joint I

Step 2

Replaced Bolt
| — 1

1
i) Rock Joint I
1

Step 3

(b)

el

Figure 13. Numerical model for the bolted rock mass with two rock joints and steps for applying
prestress. (a) Model setup. (b) Prestress application procedure (Steps 1-3).

The application of pre-stress was achieved through a three-step procedure:

Model Segmentation: The bolt model was constructed using solid elements. A 10 cm
section of the bolt was cut at a distance of 10 cm from the bearing plate.

Stress Application: Normal stresses equivalent to the pre-stress magnitude were
applied to the exposed ends of the remaining bolt segments. The model was then
solved until equilibrium was reached, simulating the pre-tensioning of the bolt.
Equilibrium Restoration: The cut bolt element was restored, the mesh was released,
and the model was solved again until a new equilibrium state was achieved. This al-
lowed the pre-stress to diffuse throughout the bolt system, as illustrated in Figure 13b.

Displacement loading was applied vertically upward to the regions to the left of rock

joints I and rock joints II at a rate of 1 mm per 1000 steps. During the loading process, the
damage evolution of the grouting agent and the stress variation in the bolt near the rock
joints were monitored. For the grouted segment, the bolt is subjected to a tensile-shear
coupled state, and the Von Mises criterion was adopted to determine failure. Loading was
terminated when the equivalent stress satisfied v/ 02 4+ 312 > ¢, where 0, is the ultimate
strength of the bolt. For the free segment, failure was judged based on the normal stress of
the bolt. When the stress at the plastic hinge satisfied ¢, > 05, bending yield was considered
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to have occurred. Here, 0}, = % + 04, where M is the bending moment at the hinge, W is
the section modulus, o is the yield strength of the bolt.

4.2. Analysis of Shear Strength Enhancement by Bolt Active and Passive Actions

During the upward displacement loading of the region left of rock joints II, the bolt
was considered to have fractured when the average Mises stress across the bolt cross-section
at the rock joints reached the ultimate strength of 455 MPa. At this moment, the shear
displacement was 4.18 cm, accompanied by an axial stress of 155.40 MPa and a shear stress
of 246.98 MPa. The contributions of the axial and shear stresses to the failure were 11.60%
and 88.40%, respectively, indicating a shear-dominated tensile-shear coupling failure. The
contribution ratio of axial force to shear force is closely related to the damage range of the
grout-rock interface. A smaller damage range leads to a higher contribution from shear
stress, whereas a larger damage range increases the contribution from axial stress.

With continued dislocation, damage accumulates in the rock mass and grout near the
rock joints. As shown in Figure 14a, plastic zones develop in both media; the yellow zone
represents rock plasticity, and the blue zone represents grout plasticity. The deformation
zone of the bolt coincides closely with the extent of the grout damage. When the bolt
reached its ultimate strength, the Mises stress distribution (Figure 14b) revealed that the
deformation was primarily concentrated near the rock joints, forming a symmetric S-shape
centered on the joint, with a deformation length of 10.84 cm. The Mises stress peaked
at the intersection of the bolt and the rock joints and decreased to zero away from the
joint. This confirms that the bolt fails in shear preferentially at the rock joint location under
shear dislocation.

______ =
-
Rock Joint IT I S
S~

e e ~
= D = ~

1| o |l >~
e '(l Anchored I =~
I i

———— T ! ~ 777777””””'w—»,,,,,777777 ~
s v L T S
Shear Displacement m " =)
I

[} : :
Surrounding Rock Plastic Zone: =& — I 5.0373x108
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Figure 14. Mechanical response analysis of the bolted rock mass. (a) Plastic zone distribution
indicating the interaction between the surrounding rock and the anchoring agent. (b) Mises equivalent
stress distribution highlighting stress concentration at the bolt-grout interface.

Upward displacement loading was applied to the region left of rock joint I to simulate
two scenarios: without pre-stress and with pre-stress. Without pre-stress, the bolt yielded
in bending and formed a plastic hinge when the shear displacement reached 2.41 cm. The
bolt eventually fractured when the displacement increased to 11.45 cm. Conversely, with a
pre-stress applied, bending yield occurred at a smaller displacement of 1.63 cm. The axial
stress distribution along the bolt length (Figure 15) showed that the stress peaked near the
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rock joints, reaching a maximum of 234.54 MPa. Under the pre-stressed condition, the bolt
fractured at a displacement of 5.23 cm.
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|
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Figure 15. Mechanical response of the bolt under shear loading. (a) Axial stress distribution along
the free section. (b) Axial strain distribution indicating the development of plastic hinges at the
joint interface.

The average displacement and contact stress of the interface nodes were statistically
analyzed. The variation in shear stress with rock joint dislocation is shown in Figure 16. For
the grouted segment, the bolt fractured in tensile-shear coupling when the shear displace-
ment reached 4.18 cm, enhancing the shear strength by 0.8024 MPa. For the free segment,
the bolt yielded in bending at a displacement of 2.41 cm, providing a strength enhancement
of 0.6433 MPa. The numerical curves exhibit a consistent trend with those obtained from
the laboratory tests. For the pre-stressed bolt, bending yield occurred at a displacement of
1.63 cm, with the shear strength increasing by 0.8095 MPa. In this case, the pre-tensioning
force contributed 0.5634 MPa, while the passive bolt action contributed 0.2461 MPa, account-
ing for 30.40% of the total strength enhancement. Numerical simulations revealed that the
effective shear area influenced by the bolt is 97,513 cm?, while the cross-sectional area of
the bolt is 314 cm?. Based on these values, the area ratio n was calculated to be 3.22 x 10~3.
Utilizing Equations (1)—(6), the shear strength enhancement of the rock joint provided by
the bolt under various anchorage conditions was determined, as summarized in Table 7.

104 —=— Anchored Bolt
—o— Free Segment Bolt
—A— Prestressed Bolt
0.8
<
a
2 7
Z i
= 0.6
on
=
=
L0.4
<
Q
=
n
0.2+
0.0 T T T T T Za 1
0 1 2 3 4 5 12

Shear Displacement of Rock Joint / cm

Figure 16. Comparison of shear stress variation curves of the rock joint under different anchorage
conditions from numerical simulation.
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Table 7. The shear strength of the structural surface under different conditions.
. Rotation s 8 . . Simulated
Anchorage Condition Anglel° 1,/10° Pa  Acp/10° Pa tps/MPa 7,;/MPa tps/MPa AT Value
Grouted Segment 87.77 1.9263 1.2128 0.6110 0.1420 0.1519 0.9049 0.8216
Free Segment 58.21 0 2.3039 0 0.2294 0.3908 0.6202 0.5811
Free Segment 57.81 0 0.4850 0 00943 01623 02566 02142

(Prestressed)

5. Discussion
5.1. Experimental Observations and Mechanistic Implications

The experimental results distinctly delineate the passive shear resistance mechanisms
associated with different anchorage configurations. Fully grouted bolts failed predomi-
nantly via tensile—shear fracture, characterized by a steep load—displacement curve and
rapid strength mobilization at small shear displacements. Under end-anchored conditions,
the bolts exhibited pronounced S-shaped bending, forming symmetrical plastic hinges
on either side of the rock joint once the grout damage length exceeded the critical thresh-
old of approximately 5d (where d is the bolt diameter). Although the peak strength of
end-anchored bolts was lower, their ability to sustain resistance over a broader shear dis-
placement range underscores their superior large-deformation tolerance. This distinction
is critical: fully grouted bolts are optimal for stiff support systems requiring high initial
stiffness, whereas end-anchored bolts are better suited to rock masses prone to significant
yielding, where energy absorption is paramount.

5.2. Quantitative Partitioning of Active and Passive Actions

While the laboratory tests successfully elucidated the aforementioned passive be-
haviors, the precise quantification of the active—passive contribution ratio necessitated
numerical simulation. This is primarily due to the technical challenge of applying accu-
rately controlled prestress within the miniature boreholes of the scaled physical models.
The numerical model, incorporating strain-softening interfaces and calibrated against
the experimentally observed failure modes, provided a controlled environment to isolate
these components.

The simulations revealed that for prestressed bolts, the active contribution accounted
for approximately 69.6% of the total shear strength enhancement, whereas the passive
contribution constituted the remaining 30.4%. This quantitative partitioning offers a mech-
anistic explanation for the observed four-stage shear strength curve: the active component
dominates the initial slip and elastic stages, effectively suppressing early-stage deformation;
conversely, the passive component becomes increasingly significant during the yielding
and softening stages, compensating for the degradation of joint friction.

5.3. Practical Design Criteria Derived from Synergistic Mechanisms

The synergistic interaction between active and passive actions yields actionable criteria
for geotechnical support design. In engineering contexts characterized by high geostress
or large potential deformations, the reliance on active support alone is insufficient, as
excessive deformation may overwhelm the bolt’s load-bearing capacity. In such scenarios,
end-anchored or yielding bolts are recommended to exploit the large-deformation bearing
capacity inherent in the passive action mechanism. Conversely, in applications demanding
stringent control of early-stage deformation, priority should be given to prestressed bolts to
maximize the efficiency of the active component. Furthermore, the identification of the 5d
grout damage threshold provides a diagnostic metric for field engineers to assess whether
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a bolt is functioning in a bending-yield regime or a tensile-shear fracture regime, thereby
informing maintenance strategies.

5.4. Limitations and Future Work

Several limitations inherent to physical modeling must be acknowledged. First, the
scaled model could not strictly satisfy the similarity requirements for bolt elastic modulus
and yield strength. While this deviation affects the absolute stress values, the observed
failure modes and mechanical evolution stages remain physically representative.

Second, the abrupt fluctuations observed in the shear stress curves (Figures 6 and 8)
are attributed to the rotation of the rock joints induced by bolt deformation. Although hori-
zontal constraints were applied, the tilting of the specimen altered the angle between the
loading platens (Figure 17), leading to sudden variations in the normal stress perpendicular
to the rock joints and causing mutations in the shear stress curves. Ideally, the RLJW-2000
testing machine utilizes servo control to maintain constant horizontal stress. However, in
practice, the angular misalignment between the horizontal platens resulting from the speci-
men’s tilt significantly affected the normal stress during shear displacement. Consequently,
maintaining a strictly constant normal stress throughout the test proved challenging.

L
Structural
Surface

Figure 17. Experimental setup showing the evolution of the inclination angle during the loading process.

Finally, while the numerical model was calibrated against experimental data, the
69.6%/30.4% contribution ratio requires further validation through full-scale field instru-
mentation or large-scale laboratory tests, particularly under varying prestress levels and
rock mass conditions. Future research should also investigate the long-term durability of
the epoxy-based grouting agent under cyclic loading conditions.

6. Conclusions

The reinforcement of rock joints by bolts is categorized into prestress-dominated active
action and dislocation-induced passive action. Experimentally validated findings reveal
that the failure mode is governed by the anchorage type and the extent of grout-rock
interface damage. When the damaged zone is smaller than approximately 5d, tensile—
shear fracture dominates, enabling fully grouted bolts to rapidly achieve peak strength at
small displacements. Conversely, when damage exceeds 5d, symmetrical plastic hinges
form, leading to bending yield; this mechanism underpins the superior large-deformation
tolerance of end-anchored bolts, which sustain resistance over a broader displacement
range despite a lower peak strength.

Numerical simulations, calibrated against the experimentally observed failure modes
and load—displacement responses, further quantify the synergistic contribution of these
actions in prestressed systems. The active component accounts for approximately 69.6% of
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the total shear strength enhancement, whereas the passive component contributes about
30.4%. These quantitative insights clarify the relative significance of prestress in controlling
early-stage deformation versus the role of passive resistance under continued dislocation.

From a practical perspective, qualitative design guidance can be derived: end-
anchored or yielding bolts are preferable in high-geostress environments or where large
deformations are anticipated, whereas prestressed bolts are advantageous when stringent
early-stage deformation control is required. Nevertheless, given the simplified nature of the
laboratory specimens (smooth joints, scaled geometry) and the limited loading conditions,
these recommendations should be validated through full-scale field instrumentation or
large-scale physical modeling prior to direct application in complex field environments,
such as heterogeneous rock slopes or deep tunnels.
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