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Quantitative analysis of the
performance improvement of the
surrounding rock mass by applying
a prestressed bolt system

Xuxu Yang, Hongyun Xue, Junwei Guo™ & Mingming Zhang

Prestressed bolts have been increasingly used in underground engineering as a practical solution

to control the instability of surrounding rock masses. However, blindly increasing the density of
prestressed bolt has limited influence on the performance improvement of tunnel surrounding

rock mass. Therefore, the accurate design of the parameters of the prestressed bolt in the support
system is a significant method to improve the bearing capacity of the tunnel surrounding rock.

To solve this problem, we carried out large-scale physical model tests of anchored rock block with
nonpersistent joints. An innovative method for prestressed bolt simulation is proposed by using the
code independently developed in PFC3P, and then a series of numerical model compression tests of
anchored rock block with different prestressed bolt densities are extended based on physical model
tests. The results indicate that the original failure mode of the rock block is not changed by adding bolt.
And an increase in the density of the prestressed bolt leads to a change in the anchoring mechanism
of the rock block. When the density of prestressed bolt is low, the upper load is mainly borne by rock
block, and the increase of the density of bolt will mobilize more intact rock to participate in the load.
When the density of prestressed bolt increases to a certain extent, the upper load is mainly borne by
the prestressed bolt. And the performance improvement of prestressed bolt to rock block is limited.
When the prestress and density of bolt reach a certain degree, the strength of rock mass is only
increased by 10% when the prestress and density of bolt are doubled. The increase of the density of
prestressed bolt makes the deformation of rock block more stable, and the &,/, ratio of the anchored
rock block is always less than 1.0. The research results have important guiding significance for tunnel
surrounding rock masses support design.
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Tunnel excavation disturbs the original stress balance state of the surrounding rock mass!, leading to the release
of the deformation energy that results in the displacement of the surrounding rock masses. Fracture occurs
when the deformation limit of the surrounding rock mass is exceeded, and the slip of the rock blocks along the
joint and fracture plane leads to instability of the surrounding rock masses®. To date, tunnel engineering has
extensively employed bolts and their application is a key supporting method in underground engineering>*.
Bolt support can maintain the integrity and stability of surrounding rock to the maximum extent, manage the
progression of deformation, displacement and fracture of surrounding rock, so as to improve the stability of
tunnel surrounding rock. However, non-prestressed bolt support is passive support, which is difficult to "actively
and quickly improve" the stress state of tunnel surrounding rock mass and "actively mobilize and facilitate" the
bearing capacity of surrounding rock mass.

By employing prestress to the bolt, the bolt can maintain a part of the surrounding rock mass under
compression. This improves the mechanical properties of the anchoring system, inhibits the bending
deformation of the surrounding rock mass, and limits the occurrence of tensile and shear failure of the
surrounding rock mass, actively mobilizing the bearing capacity of the surrounding rock mass, and improving
the stability of underground engineering™°. At present, the research results of the influence of prestressed bolt
on the mechanical properties of rock mass are relatively abundant. Table 1 shows the research progress in the
application of prestressed bolt to rock mass reinforcement.
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Research progress of prestressed bolt

References

The improvement of mechanical parameters such as peak strength, deformation modulus, cohesion and friction angle after bolt reinforcement

7.8

The load transfer mechanism between the bolts and rock masses

9,10

The stress evolution law of bolts during the deformation of rock masses

11-14

Bolt reinforcement effect for rock masses under different joint types

15-17

Reinforcement mechanism and optimization of bolts

7,18,19

A three-stage shear deformation model of anchor bolts

The bolt reinforcement of rock masses with secondary failure

Table 1. The research progress in the application of prestressed bolt to rock mass reinforcement.
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Fig. 1. Large scale 3D bolt reinforcement of rock masses physical test.

These studies have focused on the anchoring influence of a single prestressed bolt on the rock mass and did
not investigate the performance improvement of the prestressed bolt system for the rock masses surrounding the
tunnel. However, in tunnel engineering, particularly for surrounding rock masses with fracture development,
even when a single bolt fails, other bolts in the bolt system can still significantly provide the bearing capacity
of the surrounding rock masses?. Therefore, it is crucial to study the improvement in the performance of the
prestressed bolt system for the rock masses surrounding tunnels, further explore the influence of prestressed bolt
density on the performance improvement of rock masses.

On the basis of the project background of the Shishan Road station of Qingdao Metro Line 6, the surrounding
jointed rock mass separated from the tunnel was chosen as the research object. We have carried out large-
scale physical tests of anchored rock block with nonpersistent joints. And a new prestressed bolt simulation
method was proposed through self-developed code in PFC3P. Then the physical test was further extended to
quantitatively analyze the relationship between the prestress and density of bolt and the strength, deformation
and failure mode of rock mass. Explore the limiting effect of prestressed bolt on the performance improvement
of rock mass. This study can provide important guidance for the design of similar projects.

Establishment of the numerical model

Setup of the PFC3P numerical model

To quantitatively study the anchoring effect of rock masses surrounding tunnels, a numerical simulation study
was carried out based on the experimental studies on large-scale synthetic jointed rock blocks conducted by Jing
et al.”> The rock mass with the dimensions of 2.5 mx 2.5 mx 2.5 m and containing preexisting nonpersistent
joints was separated from the surrounding rock mass of tunnel excavation as the research object. Figure 1 shows
the large-scale three-dimensional rock mass bolt reinforcement simulation test system. The top surface is used to
apply pressure loads, and the bottom surface remains stationary vertically. The opposite side of the free surface
is fixed in the horizontal direction and does not displace during the test. The displacement control was adopted
to realize uniaxial loading of the sample, and the speed was 0.03 mm/min. The size of the physical test model is
0.5 mx0.5 mx0.5 m to simulate the surrounding rock mass with the size of 2.5 mx2.5 mx 2.5 m in the actual
project?»?°. The mechanical parameters of the physical experiment model are presented in Table 2.
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(a) Numerical model of jointed rock mass

Table 2. Mechanical parameters of the physical experiment model.
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Fig. 2. Numerical model of a jointed rock mass with bolts.
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Fig. 3. Layout of joints and bolts.
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Table 3. Parameters of the bolt.

The numerical model of jointed rock blocks is shown in Fig. 2a. The dimensions of the model are
500 mm x 500 mm x 500 mm, and the model contains nine nonpersistent joints, which are arranged en echelon
and are symmetrical, and the dip angles are 30°, 45° and 60°. Each joint’s length is 100 mm, the length of the rock
bridge between adjacent joints is 100 mm, and the joint spacing between parallel joints is 100 mm. A single-row
bolt is applied to the sample, as shown in Fig. 3. The bolt reinforcement length is 440 mm. Full-length bonded
anchoring is adopted, and epoxy resin is used as an anchoring agent to reinforce the bolt. The parameters of the
bolt are shown in Table 3. In this study, the results obtained from physical model tests are used to determine and
confirm the parameters of the numerical model.

The parallel-bond model (PBM) can transmit both force and moment at the same time, which can better
reflect the mechanical properties of intact rock. Joints observed by field joint information collection are mostly
closed, and there is no weak interlayer between the joints, so it can be approximated that only sliding friction
along the joint direction exists between the rock masses on both sides of the joints. In the numerical model, the
PBM is used for the contact of the intact rock (the green lines in Fig. 2b), and the smooth-joint model (SJM)
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is used for the contact model of the joints (the yellow lines in Fig. 2b). Particles with a diameter of 4.0 mm are
arranged outward to form the bolt element. The bolt particles are added after the formation of the intact rock
model, and a bolt hole with a diameter of 6.0 mm is generated by removing the rock particles. Then, the particles
are cut from each other and arranged in turn by “Loop” to generate model bolts. The linear-bond model (LBM)
is used for the contact of the bolt particles and the rock-bolt interface (shown by blue and dark lines in Fig. 2b).

To fully reflect the mechanical properties of rock blocks, it is vital to calibrate the microscopic parameters of
the numerical model. The "trial and error" approach was used to settle the parameters of the numerical model;
that is, the microscopic parameters (input parameters) are constantly adjusted until the macroscopic mechanical
parameters of the numerical model match the results obtained by physical experiment model?*-2%. The model
parameters determined by the "trial and error" approach are shown in Table 4.

Methodology development of the prestressed bolt

Currently, prestressed bolts are mostly simulated using the FLAC?P and 3DEC software?®!. However,
these methods analyze tunnel stability from a macroscopic perspective. Few studies on the anchoring effect
of prestressed bolts have been performed using the PFC?P particle flow discrete element software, and most
researchers have studied only the generation method of bolts using PFC?P32. Wang et al.?* applied prestress of
the bolt by moving the tray at the end of the bolt. However, PFC corresponds to the transfer of force through
contact between entities (particles, clusters, walls); if a wall is used to simulate a tray in the model, sufficient
contact between the wall and the particles is needed. In the numerical model of this study, due to the limitation
of the particle size of the bolt, there are only a few contacts between the generated wall and the bolt particles, and
it is difficult to obtain an effective force. The function of the tray in prestressed anchorage is to limit the relative
movement between the interface of the bolt and rock. Therefore, by implemented a program written in the FISH
language to increase the contact mechanics parameters between the end particles of the bolt and the rock mass
particles, prestressed bolt reinforcement can also be realized. Figure 4 shows the force chain diagram of the
contact force of the sample after the prestress is applied. In the figure, the size of the contact force is symbolized
by the size of the column, while blue represents compression, and green represents tension. Figure 4 shows that
the whole bolt is in a state of tension, the tension along the length of the bolt is reduced, and the strengthened
contact of the bolt end and the nearby rock particles is due to compression. This method can accurately reflect
the stress of a prestressed bolt.

Validation of numerical model

Figure 5 shows the results of the physical experiment compared with the numerical model with single-row bolts
under different joint dip angles. For a=30°, the failure of the physical experiment model is composed of tensile
fracture of the inner tip of joint 1 and secondary coplanar fracture of the outer tips of Joints 1, 3 and 6, forming
a “step type” macroscopic fracture plane. The numerical model with a=30° also produces a “step type” failure
mode.

For a=45°, the failure path is mainly composed of coplanar joints 4 and 5, which are connected with Joint 8
after turning. Moreover, another macroscopic failure plane is formed by the tensile fracture of the inner tip of
Joint 7, which cuts through the rock bridge between the outer tips of Joint 7 and Joint 9. In addition, a triangular
failure zone is formed by joints 1, 3 and 6 at the right end of the rock block, and the intersection point of the
triangular failure zone is located in the middle bolt. The corresponding numerical model displays a failure mode
similar to the physical experiment.

For a=60°, the triangular failure zone is composed of joints 1 and 3, and the slip fracture planes along joints
4, 5 and 6 form at the right end of the rock mass. These failure modes are also reflected in the corresponding
numerical model. Thus, comparison of numerical and physical model results shows that the calibrated numerical

Object Parameter Value
Effective modulus, (GPa) | 0.36
Stiffness ratio 1.7

Intact rock contact Tensile strength, (MPa) 0.95

(PBM)
Cohesive strength, (MPa) | 0.38
Friction coefficient 0.58
Effective modulus, (GPa) | 1.17

Bolt contact - -

(LBM) Stiffness ratio 1.5
Friction coefficient 0.42
Effective modulus, (GPa) | 0.16

Rock-bolt contact - -

(LBM) Stiffness ratio 1.5
Friction coefficient 0.42
Normal stiffness, (N/m?®) | 0.58 x 10°

Joint contact Shear stiffness, (N/m?) 0.21x10°

(SIM)

Particle friction coefficient | 0.40

Table 4. Parameters of the jointed rock mass with bolts.
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Fig. 5. Comparison of failure images of rock blocks with single-row bolt.

model can accurately obtain the failure mode generated in the physical experiments under the same conditions.
The comparison results of the above models show the precision of the numerical model established in the study.

To further confirm the rationality of the prestressed bolt simulation method proposed in this study, using
the method for the application of bolt prestress described in Sect.“Methodology development of the prestressed
bolt’, the influence of different prestresses on the mechanical performance of rock blocks is further explored. A
single-row anchored rock block with a joint dip angle of 60° is selected, and different prestresses of 0, 0.2, 0.4 and
0.6 kN are applied to the bolt. The stress—strain relationship of the sample under each prestress is shown in Fig. 6.

It is found that the prestress clearly influences the peak strength of a sample and is positively correlated with
the peak strength. When the prestress of the bolt is 0, the bolt peak strength is 4.74 MPa, whereas the peak
strengths of the samples with prestresses of 0.2, 0.4 and 0.6 kN are 7.48, 8.97 and 9.55 MPa, respectively. This
shows that increasing the prestress increases the bearing capacity of the sample, and with increasing prestress,
the rate of increase in the peak strength decreases. When the prestress increases from 0.4 kN to 0.6 kN, the
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Fig. 6. Stress—strain curves of anchored rock blocks under different prestress.

corresponding peak strength only increases by 6.5%. Under full-length bolt reinforcement, the extent of the
active support range to the interior of the model increases with larger prestress.

Under low prestress, the strength increase rate of the samples at the initial loading stage gradually becomes
stable with increasing load and enters the linear elastic increase stage, indicating that the role of the bolt at the
initial loading stage gradually becomes prominent. Increasing the prestress can significantly reduce the lag of
the action of the bolt. When the prestress is applied to 0.4 kN, it enters the elastic stage initially of loading, and
the stress—strain curve is linear. The results display that for a jointed rock mass, the bolt plays a strengthening
role from the beginning of loading, and the prestress affects the time of full action of the bolt. It is worth noting
that the time of full action of bolt is that the growth rate of bolt stress with strain is always at the maximum. The
integrity of the bolt and rock mass, and the deformation resistance of the sample increase with greater prestress.
Due to the constant loading rate of the model, the time for the bolt to reach the ultimate strength decreases with
greater prestress. Taking the sample with a prestress of 0.6 kN as an example, the high prestress causes the force
of the bolt to increase rapidly to yield failure, the sample reaches the peak strength at the earliest time among the
studied samples, and the curve after the peak drops rapidly.

Results and analysis

To date, many scholars have used tunnel engineering as the research object for the study of prestressed bolt
system>!, and have used qualitative methods to examine the control effect of prestressed bolt systems on the
rock masses surrounding tunnels®. To further quantitatively investigate the performance improvement effect
of the prestressed bolt system on surrounding rock masses, we carried out a series of compression tests on
nonpersistent jointed rock blocks with different prestressed bolt densities. We take a rock block with a joint dip
angle of 60° as the research object, and the prestress of the bolt is set to 0.4 kKN. The bolt system density is set to
no bolt, single-row, double-row and triple-row.

Influence of the prestressed bolt density on the failure mode of jointed rock blocks

Numerical compression tests are performed on rock blocks, focusing on various prestressed bolt densities
through a series of model experiments. For each condition, four failure images at different stress—strain stages
are listed in Fig. 7. The first is the image of the rock block at the beginning of the microscopic fractures in the
compression process. The second is the image of the rock block when the stress reaches its peak strength during
the compression process; that is, 9, =, The third is the image of the rock block when the stress is 0.85¢, at the
post-peak stage in the compression process. The fourth is the image of the rock block when the stress is 0.70_at
the post-peak stage in the compression process. In addition, to further explore the failure process of rock block
during the compression process, the displacement diagrams of the above four stages are listed in Fig. 7.

It is evident from Fig. 7 that the rock pillar between the joint normal directions will slip along the joint
dip angle under loading, and the rock bridge between the joint dip direction will hinder the movement of the
rock pillar, so that the displacement of the model as a whole shows a trend of gradually decreasing from the
bottom right to the top left, forming a step displacement diagram. This feature is the most obvious for double-
row bolts. Further analysis shows that the two rock bridges between joints 4, 5 and 6 hinder the sliding trend
of the whole rock block on the right side of the above three joints, resulting in fractures first and concentrated
on the development of the tips of joints 4, 5 and 6. After the peak, fractures basically penetrate the three joints
in a straight line, forming the main macroscopic slip plane. The sliding plane is more obvious in single-row
and triple-row bolts reinforcement, but the anchoring effect is completely different. When single-row bolts
reinforcement, the bolt at the intersection of the sliding plane is subjected to shear yield, and the right wedge-
shaped block cannot support the axial load under the anchoring of the three broken bars. The wedge-shaped
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Fig. 7. Particle displacement and fracture propagation in 60° jointed rock blocks.

rock block is divided into triangular and quadrilateral blocks along the outer ends of joints 1, 3 and 6. When
triple-row bolts reinforcement, due to the large density of the bolt, the bolt is sufficient to withstand the tensile
shear load at the fracture plane, resulting in the right side of the model to slide along the bolt without losing
stability under anchoring. The load is mainly borne by the bolt, and the failure degree of the rock block on the
left side is reduced. The double-row anchored rock block can mobilize more intact rock to participate in the load
bearing, and the fractures at the joint tip are generally developed, and more slip planes are formed along the dip
angle, and the main control slip plane is not obvious. In a world, anchoring did not change the original failure
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Figure 7. (continued)

mode of the rock block. The final failure mode of the rock block with bolt was more broken than that of the rock
block without bolt. Secondary failure occurred in the rock block near the free surface, the stress shifted to the
interior of the rock block, and more intact rock participated in the bearing failure.

Influence of the prestressed bolt density on the strength of jointed rock blocks

Figure 8 shows the stress—strain curves of rock blocks with a joint dip angle of 60° under different prestressed
bolt densities. It is observed that with growing prestressed bolt density, the strengths of the jointed rock blocks
are 4.4, 8.1, 9.0 and 10.6 MPa, respectively.

The strength of the anchored rock block with a single-row prestressed bolt is approximately 84.1% greater
than that of the rock block without a prestressed bolt, and relative to the single-row anchored rock block peak
strength, the double- and triple-row anchored rock blocks show further increases in the peak strength by 11.1%
and 30.8%, respectively. The application of a single-row prestressed bolt system significantly enhances the
strength of the anchored rock block, whereas the further application of a double-row prestressed bolt system
does not significantly improve the strength of the anchored rock block; however, the application of a three-row
prestressed bolt system again significantly improves the strength. This phenomenon is linked to the failure mode
of the rock block. When a rock block with a joint dip angle of 60° is subjected to a vertical load, the rock pillar in
the joint normal direction slips in the joint dip direction, and the rock bridge in the joint dip direction hinders
the displacement of the rock pillar, leading to shear slip failure of the whole rock block (Fig. 9). It is clear from
Fig. 9 that the strength of rock block is related to the failure area of rock bridge. The calculation formula of the
damaged area of the rock bridge is shown in Eq. (1).

A=al (1)

Where A =Failure area of rock bridge; a= Aperture of fracture; L = Length of fracture.

The failure area of unanchored jointed rock block is mainly composed of three rock bridges with greater
failure degree (shown by rectangular region in Fig. 9a). Compared with the unanchored rock block, the anchored
with the single-row prestressed bolt system is more broken because the prestressed bolt system mobilizes more
intact rock to participate in the load (shown by yellow circle in Fig. 9b), the failure area of rock bridge increased
by about 75%, so that the strength of the rock block is remarkably improved. The anchoring mechanism of the
anchored rock block with the double-row bolt system is the same as that of the single-row bolt system. Increasing
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Fig. 8. Stress—strain curves of jointed rock blocks under different prestressed bolt densities.
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Fig. 10. Variation of ¢,/ &, of with &, for different jointed rock masses with different bolt densities.

the density of the prestressed bolt only adds two rock bridges to participate in the load bearing (shown by
yellow circle in Fig. 9¢), and failure degree to one rock bridge was reduced (shown by red circle in Fig. 9¢), the
failure area of the rock bridge only increased by 14%, and has a limited effect on the strength of the rock block.
However, the anchored rock block with the three-row prestressed bolt system can bear the tensile shear load
at the fracture plane due to the high density of the prestressed bolt so that the rock block on the right side of
the model keeps sliding along the bolt and maintains stability. The load is mainly borne by the prestressed bolt,
and the overall fracture degree of the rock block is reduced (Fig. 9d), so that the strength of the rock mass is
significantly improved again.

Influence of the prestressed bolt density on the deformation properties of jointed rock blocks
To intuitively show the influence of the prestressed bolt system support on the deformation properties of the rock
block, the strain of the free surface (¢,) is normalized by the strain of the loading wall (¢,). Then, ¢,/ is plotted
versus ¢, in Fig. 10. It is important to note that if €,/¢, is greater than 1.0, the rock block’s horizontal deformation
is better than the vertical deformation, which usually means that the rock block experiences sliding failure along
the joint plane. If /¢, is less than 1.0 (red dot in Fig. 10), the rock block volume decreases, and the rock block
carrying capacity increases. The whole curve can be divided into three stages, I, IT and III, corresponding to the
stress release stage, the relatively stable deformation stage and the unstable failure stage, respectively.

In stage I, the initial stress release results in the elastic deformation of the unanchored jointed rock block. In
this stage, the vertical strain £ is also small because of the small normal stress. Therefore, the ¢, /¢, values are large
and distributed between 3.0 and 6.9 under different prestressed bolt systems in stage I. With the rapid release
of elastic strain from the jointed rock block, ¢,/¢, decreases significantly. The application of a prestressed bolt
system is equivalent to applying a certain confining pressure on the free surface, which has a certain hindering
effect on the stress release at the free surface, resulting in a small strain on the free surface. With increasing
prestressed bolt system density, the prestress exerted on the free surface of the anchored rock block increases, €,/
&, decreases, ranging from 0.8 to 4.2, and the stress release period decreases.

In stage II, with increasing ¢, the number of microfractures in the rock block model gradually increases,
and the deformation of the rock block model becomes relatively stable. The curve of the unanchored rock block
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does not contain a linear segment but rather presents a smooth arc, and the lowest value is greater than 1.0,
indicating that the jointed rock block is always in an unstable state and undergoes unstable deformation in stage
I1. Single-row, double-row and triple-row prestressed bolt systems can improve the unstable deformation state of
the unanchored rock block and achieve a stable value for the £,/¢, ratio of the rock block model. With increasing
prestressed bolt system density, £,/¢, gradually decreases. Stage II corresponds to the elastic stage of the stress—
strain curve, and &,/e, decreases with larger deformation modulus. The ¢,/¢, for the single-row prestressed bolt
system is approximately 0.6, the ¢,/¢, for the double-row prestressed bolt system is approximately 0.4, and the
g,/¢, for the three-row prestressed bolt system is approximately 0.3.

In stage III, the curve rises rapidly. The preexisting joints of the rock block model are extended and connected
with the microfractures to develop a macroscopic fracture plane. The fragmentation blocks break off and
slip along the fracture plane, leading to a large displacement change in the direction of the free surface. The
application of the prestressed bolt system slows down the curve rise in stage III, indicating that the prestressed
bolt system can advance the ductile failure of the rock block.

Discussion

The above research results indicate that increasing the prestress of the bolt can greatly reduce the lag of the full
action of the bolt, and can make the bolt play its role earlier. Moreover, the increase of prestressed bolt density is
equivalent to confining pressure applied on the free surface of rock mass, which can effectively control the sliding
deformation of rock mass. Meanwhile, increasing the prestress and density of prestressed bolt can improve the
strength of rock mass, but the effect of improving is gradually weakened. Figure 11 shows the improvement rate
of rock mass strength induced by prestress of bolt. When the prestress of the bolt is 0.2 kN, the strength of the
rock mass is increased by 57.8%. When the prestress of bolt is increased to 0.4 kN and 0.6 kN again, the strength
of rock mass is increased by 19.9% and 6.5% respectively. Figure 12 shows the improvement rate of prestressed
bolt density on rock mass strength. When a single-row prestressed bolt is employed to rock mass, the strength
of rock mass increases by 84.1% compared with that without bolt. When double-row and triple-row bolts are
applied again, the strength of rock mass increases by 11.1% and 17.8%, respectively. It is clear that when the
prestressed bolt is added to the double-row, the improvement effect on the strength of the rock mass shows a
weakening trend, because the main function of the prestressed bolt with low density is to mobilize more intact
rock to participate in the bearing, with the increase of bolt density, less and less intact rock can be mobilized.
However, for the triple-row anchored rock mass with large bolt density, the strength of the rock mass increases
again because the prestressed bolt bears the main load.

Through the quantitative analysis of the performance improvement of prestressed bolt on rock mass, it can be
found that the prestressed bolt on the rock mass is limited. When the prestress and density of bolt reach a certain
degree, the strength of rock mass is only increased by 10% when the prestress and density of bolt are doubled.
However, it is very expensive to improve the prestress and density of the bolt in actual engineering, and there is
no need for the strength of the rock mass to be improved to a very high degree, the stability of the surrounding
rock can only meet the design requirements. Therefore, it is indispensable to optimize the design parameters of
tunnel support scheme based on the strength improvement rate of rock mass and cost.

Conclusions
In this study, we develop a simulation method for a prestressed bolt in a 3D particle flow numerical program,
establish a numerical model of an anchored rock block, and the performance improvement of a prestressed bolt
system for a rock block is quantitatively discussed and explored. The main conclusions are as follows:

(1) Adding bolt does not change the original failure mode of jointed rock mass, which is still dominated by
shear slip failure. Under the action of anchoring, microfractures of single-row and double-row anchored rock
mass fully develop, the total amount of microfractures increases, and more intact rocks participate in the load

T Strength improvement rate of prestressed bolt to rock mass

—
IS
'

Strength of rock mass/MPa
(=] ~ - (=} o0
} } = !
-
(=]
X
©
e
1
1
1
1
1
I -
1
1
B 1
'
—
2 U

Prestress of bolt/kN

Fig. 11. Relationship between prestress of bolt and strength of rock mass.

Scientific Reports |

(2025) 15:7186 | https://doi.org/10.1038/s41598-025-91976-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

14
T Strength improvement rate of prestressed bolt to rock mass
12 +
=
& 17.8% A~~"="""""7%
2 10
=
n
-/ S A G e —
E ;|
=4
~
]
=
S 61
=
=
o0
g 4
=
=3
n
2 -
04 . .
‘Without bolt Single-row Double-row Triple-row

Density of prestressed bolt

Fig. 12. Relationship between density of prestressed bolt and strength of rock mass.

bearing. The microfractures of the rock mass in triple-row are less developed, and the load is mainly borne by
the bolt.

(2) The rock block with a joint dip angle of 60° mainly experiences shear slip failure. The single-row prestressed
bolt system can mobilize more intact rock to participate in the load, which can increase the strength of the
rock mass by 84.1%. And an increase in the density of the prestressed bolt leads to a change in the anchoring
mechanism of the rock block. The triple-row prestressed bolt system mainly bears the tensile shear load at the
fracture surface, increasing the strength of the rock mass anchored by the single-row prestressed bolt by 30.8%.
The e,/¢, ratio can be used as the criterion for whether the rock block maintains stable deformation during the
loading process. The ¢,/¢, value of the anchored rock block is lower than that of the unanchored rock block and
is consistently less than 1.0 in stage II.

(3) The prestress and density of prestressed bolt have limited effect on the performance improvement of
tunnel surrounding rock mass. When the prestress and density of bolt reach a certain degree, the strength of rock
mass is only increased by 10% when the prestress and density of bolt are doubled. At this time, the support cost
of tunnel surrounding rock mass is much higher than the strength improvement rate.
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