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The shear stress constitutive equation of an anchorage interface element is established based
on a three-stage model, and the expressions for the interface shear stress and axial force
distribution evolution during the whole process of anchor drawing are derived theoretically.
The parameters of the interface model are given through anchor pull-out tests. Then, the load
transfer law and the bearing performance of the anchorage interface under different anchoring
agents are calculated and analyzed. The calculation method of the ultimate bearing capacity
of the anchorage interface is verified by supplementary tests, which can provide theoretical
guidance for the bolt support design.
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1. Introduction

The rockbolt support has been widely used in the roadway surrounding rock support engineering,
because it can fully mobilize the strength and self-stabilizing ability of the surrounding rock
(Zhao et al., 2021; Yi et al., 2020). In the engineering site, failure of the rockbolt support system
will lead to serious instability and damage of the surrounding rock. Therefore, the analysis and
evaluation of the bearing capacity of the rockbolt support system are of great significance for
improving the support effect and reducing the failure risk of the rockbolt support system (Fan
et al., 2021).
In order to explore the failure mechanism of the rockbolt support system, researchers have

conducted a large number of laboratory experiments and in situ tests. The research results show
that failure of the rockbolt support system is mainly caused by interface debonding or rockbolt
breaking (Li, 2010; Wang et al., 2023; Kilic et al., 2002). According to the results of rockbolt
pull-out tests under different pull-out loads, Høien et al. (2021) classified failure mechanisms
of the anchorage into three categories: debonding slip below the yield strength of the rockbolt,
debonding slip between the yield load and ultimate load, and rockbolt breaking under the
ultimate load; Liu et al. (2021) studied the failure mechanism of the anchorage interface through
laboratory rockbolt pull-out tests, then divided the failure mode of the anchorage interface into
the shear slip mode and shear expansion slip mode. Cao et al. (2014) found that the failure mode
of the rockbolt system is closely related to the contact performance of the anchorage interface and
the actual stress state of the material. Researches show that a high-quality anchorage interface
bonding performance is an important part of the bolt support design. It is of great significance
to improve the bearing capacity of the anchorage interface to ensure long-term effectiveness of
the rockbolt support.



152 L. Li et al.

In order to further explore the relationship between mechanical parameters of the anchor-
age interface and anchorage bearing capacity, Kilic et al. (2002) conducted a series of laboratory
tests on a grouting rockbolt, and put forward some empirical formulas for calculating the bearing
capacity of the rockbolt. Holý (2017) used sandstone as an anchor matrix to carry out an anchor
tensile test, and it was found that interfacial shear friction and surrounding rock properties had
obvious influence on anchorage performance. Yahia et al. (1998) carried out a large number of
tensile tests of rockbolts under different anchorage conditions, and found that the mechanical
properties of anchoring agents affected the bearing capacity of the anchorage. A large number of
experimental studies show that (Huang et al., 2019; Wu et al., 2019; Du et al., 2021) the bond
strength of the anchorage interface determines the critical shear stress when the anchorage inter-
face is destroyed, and its deformation characteristics determine the load transfer mode and the
distribution law of interfacial shear stress on the anchorage interface. Therefore, the shear stress-
slip displacement relationship of the anchorage interface is the basis for studying deformation
characteristics of the anchorage interface. A reasonable interface shear-slip model can effectively
explain the interface load transfer and damage mechanism. The bond-slip models commonly
used in the existing research to characterize the shear stress-shear displacement relationship of
the anchorage interface are bilinear model (Cai et al., 2004), trilinear model (Ma et al., 2016;
Nie et al., 2019; Chen et al., 2021) and nonlinear model (Nemcik et al., 2014). According to the
existing bond-slip model, many scholars have studied it by analytical and numerical methods
(Chen et al., 2020; Chen and Li, 2022; Yue et al., 2022), which reveals the evolution law of shear
stress distribution at the anchorage interface and provides a reference for the study of bearing
capacity of the anchorage interface.
In summary, the bonding performance of the anchorage interface directly affects the bearing

capacity of the anchorage, and the research on the influence rules of interface model parameters
on the bonding performance of the anchorage interface still needs to be improved. Therefore, this
paper deduces the load transfer law of the anchorage interface through theoretical derivation,
carries out anchor rod pull-out tests under different anchoring conditions of anchoring agents,
tests and analyzes the constitutive model parameters of the anchorage interface, and conducts
in-depth research on the bearing capacity of the anchorage interface.

2. Analysis of load transfer laws at the anchorage interface

2.1. Three-stage interface element constitutive model and parameters

As shown in Fig. 1, the three-stage constitutive model divides the debonding failure process of
the anchorage interface element into three stages: I – elastic stage: shear stress increases linearly
with shear displacement. τds is the peak shear strength of the anchorage interface element in the
elastic stage, and δds is the corresponding shear displacement; II – bond damage stage: shear stress
decreases linearly with shear displacement. τ ss is the residual shear strength of the anchorage
interface element, which is also the shear strength at the onset of slip; δss is the corresponding
shear displacement at the onset of slip; III – frictional slip stage: in this stage, friction plays the
dominant role, and the shear stress remains constant. In the figure, kss represents the elastic shear
stiffness characterizing the evolution of shear stress with shear displacement in the elastic stage
of the interface element kss = τ

d
s /δ
d
s .

As shown in Fig. 1, the constitutive equation for evolution of shear stress damage in the
anchorage interface element characterized by the three-stage constitutive model is

τs =










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Fig. 1. Three-stage constitutive model and parameters

2.2. Load transfer equation for anchorage interface elements

As shown in Fig. 2a, to facilitate the analysis of load transfer laws at the anchorage interface,
the shear interaction between the anchor rod and the rock mass is simplified into a spring contact
model, with the side of the anchor rod connected to the rock mass through tangential line springs,
the stiffness of which corresponds to the elastic shear stiffness of the anchorage interface.

Fig. 2. Load transfer analysis diagram of the anchorage interface (1 – rock mass; 2 – anchor rod;
3 – anchor rod-rock mass coupling interface; 4 – free section of anchor rod; 5 – anchored section of
anchor rod; 6 – anchored front end; 7 – anchored tail end): (a) simplified model of the anchorage

interface, (b) anchorage interface element

Take an interface element at a distance of x from the anchored front end in the anchorage
section. As shown in Fig. 2b, analyze the element using the load transfer method to determine
the force equilibrium equations. The force equilibrium equations are

dP (x) = −2πrbτ(x) dx
dδ(x)

dx
= −

1

πr2bEb
P (x) (2.2)

where P (x) is the axial force of the anchor rod at a distance x from the anchored front end,
τ(x) is the shear stress, δ(x) is the shear displacement, rb is the radius of the anchor rod, Eb is
the elastic modulus of the anchor rod.

Substituting Eq. (2.2)1 into Eq. (2.2)2, the basic load transfer equation for the interface
element is obtained

d2δ(x)

dx2
=
2

rbEb
τ(x) (2.3)
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Substituting Eq. (2.2)2 into Eq. (2.1), the differential equation for load transfer during the
debonding failure process of the anchorage interface element is obtained

d2δ(x)

dx2
=



























α2δ(x) 0 ¬ δ(x) ¬ δds

−β2δ(x) +
2
(

τds −KABδ
d
s

)

rbEb
δds ¬ δ(x) ¬ δ

s
s

2τ ss
rbEb

δss ¬ δ(x)

(2.4)

where α2 = (2KOA)/(rbEb), β
2 = −(2KAB)/(rbEb).

2.3. Calculation formulas for shear stress and axial force distribution

at the anchorage interface

Under the action of axial tensile load, the anchorage interface element will sequentially expe-
rience elastic, bond damage, and frictional slip stages. As shown in Fig. 3, the anchorage interface
is composed of anchorage interface elements. Therefore, the state of the anchorage interface is
determined by the stages in which all interface elements are located. When the anchorage inter-
face elements are in different stages, the anchorage interface will have a situation where parts
of the elastic segment, bond damage segment, and frictional slip segment coexist.

Fig. 3. Schematic diagram of the anchorage interface and interface element relationship

Depending on the state of the anchorage interface elements, the anchorage interface may exist
in a full-length elastic stage, elastic-damage stage, full-length damage stage, elastic-damage-slip
stage, damage-slip stage, or full-length slip stage. By using the boundary conditions of different
stages, combined with Eqs. (2.2)1 and (2.2)2, by solving the load transfer differential equation
as shown in Eq. (2.4), it is possible to theoretically calculate the evolution formulas for the
distribution of shear stress and axial force along the anchorage interface at different anchorage
lengths, as listed in Table 1.

3. Anchor rod pull-out tests

3.1. Preparation of anchorage specimens and test scheme

The evolution law of stress distribution at the anchorage interface is closely related to the
parameters of the interface element constitutive model. To determine the model parameters of
the anchorage interface and to explore the influence of different anchoring agents on the support
effect of the anchor rod, three groups of anchor rod pull-out tests were designed. The tests
used large cylindrical specimens made of C40 concrete with a diameter of dr = 300mm and
a length of lr = 600mm to simulate the anchoring matrix. During preparation of the anchoring
matrix, a pipe with an outer diameter of da = 30mm was inserted into the center of the
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Table 1. Formulas for shear stress and axial force distribution at the anchorage interface in
different stages

Anchorage Boundary Distribution formulas of interfacial shear
interface stage conditions stress and rockbolt axial force

Full-length
elastic stage

P (x)|x=0 = P0
P (x)|x=L = 0

τ(x) = αP0 cosh[α(L−x)]2πrb sinh(αL)
0 ¬ x ¬ L

P (x) = P0 sinh[α(L−x)]sinh(αL) 0 ¬ x ¬ L

Elastic-
-damage
stage

Pe(x)|x=L = 0
τe(x)|x=ld = τ

d
s

τd(x)|x=ld = τ
d
s

Pd(x)|x=ld

= Pe(x)|x=ld

τ(x) =






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









τds cos[β(ld − x)]

−
βτds
α
tanh[α(L− ld)] sin[β(ld − x)]

0 ¬ x ¬ ld
τds cosh[α(L−x)]
cosh[α(L−ld)]

ld ¬ x ¬ L

P (x) =











2πrbτ
d
s

{ tanh[α(L−ld)] cos[β(ld−x)]
α

+ sin[β(ld−x)]
β

}

0 ¬ x ¬ ld
2πrbτ

d
s sinh[α(L−x)]

α cosh[α(L−ld)]
ld ¬ x ¬ L

Full-length
damage stage

P (x)|x=0 = P0
P (x)|x=L = 0

τ(x) = βP0 cos[β(L−x)]2πrb sin(βL)
0 ¬ x ¬ L

P (x) = P0 sin[β(L−x)]sin(βL) 0 ¬ x ¬ L

Elastic-
-damage-
-slip stage

τe(x)|x=ld+lf = τ
d
s

Pe(x)|x=L = 0
τd(x)|x=ld+lf = τ

d
s

τd(x)|x=lf = τ
s
s
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τ(x) =
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β
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α

}

+2πrbτ
s
s (lf − x) 0 ¬ x ¬ lf

2πrbτ
d
s

{ tanh[α(L−ld−lf )] cos[β(ld+lf−x)]
α

+
sin[β(ld+lf−x)]

β

}

lf ¬ x ¬ lf + ld
2πrbτ

d
s sinh[α(L−x)]

α cosh[α(L−ld−lf )]
lf + ld ¬ x ¬ L

Damage-
-slip stage

Pd(x)|x=L = 0
τd(x)|x=lf = τ

s
s

Pf (x)|x=lf

= Pd(x)|x=lf
δf(x)|x=lf = δ

s
s

τ(x) =

{

τss 0 ¬ x ¬ lf
τss cos[β(L−x)]
cos[β(L−lf)]

lf ¬ x ¬ L

P (x) =

{

2πrbτ
s
s

{

lf − x+
tan[β(L−lf)]

β

}

0 ¬ x ¬ lf
2πrbτ

s
s sin[β(L−x)]

β cos[β(L−lf)]
lf ¬ x ¬ L

Full-length
slip stage

– τ(x) = τss 0 < x < L
P (x) = P0 − 2πrbτ

s
sx 0 ¬ x ¬ L

Note: ld is the length of the bond damage segment, lf is the length of the slip segment.

anchoring matrix preparation mold to prefabricate the anchoring borehole. The anchor rod used
for anchoring was a left-handed thread steel anchor rod with a model number of MG400 and an
equivalent diameter of db = 20mm. The elastic modulus of the anchor rod was Eb = 200GPa,
the yield load Py = 150 kN, and the breaking load Pf = 210 kN.

Three different types of anchoring agents were selected for the tests: resin anchoring agent,
cement grout with a water-cement ratio of 0.45:1, and cement mortar with a water-cement-
sand ratio of 0.45:1:1. The designed length of the anchorage section is la = 200mm, and the
calculation formula for the required volume of anchoring agent is

V =
π

4
la(d

2
a − d

2
b) (3.1)

According to Eq. (3.1), the volume of anchoring agent required for an anchorage length of
200 mm is calculated to be V = 78.5 cm3. After injecting the anchoring material, the anchor
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rods are inserted for anchoring, and the tests are conducted after 7 days of curing. Figure 4
shows the three groups of anchoring samples prepared in the laboratory.

Fig. 4. Diagram of three groups of anchorage specimens prepared in the laboratory

Fig. 5. The RTR-3122 full-scale anchorage performance tester

The anchor rod pull-out tests are conducted on the self-developed RTR-3122 model full-
scale anchor rod anchorage performance testing machine (as shown in Fig. 5). Before the test,
an anchorage pull-out device is installed on the anchorage performance testing machine. One
end of the anchorage specimen is blocked by a rigid load-bearing plate and suspended behind
the stop plate of the testing machine. The stop plate serves to fix the anchorage specimen and
also prevents wedge failure of the rock mass during the pull-out process. The loading end applies
a displacement loading by clamping the free end of the anchor rod with the wedge-shaped clamp
of the testing machine. An LVDT (linear variable differential transformer) fixed frame is installed
at a measuring point 200mm away from the rock mass stop plate on the free section of the anchor
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rod. The spring probe of the LVDT displacement sensor is placed at the stop plate to record
the relative displacement between the anchor rod measuring point and the rock mass, as shown
in Fig. 6.

Fig. 6. Schematic diagram of the anchor rod pull-out tests

3.2. Mechanical characteristic curves of the anchorage interface and constitutive model

parameters

The tests obtained the axial tensile load-displacement curves of short anchor rods under the
action of different anchoring agents (P -δs0 curves), as shown in Fig. 7. The peak tensile loads
of the anchor rods under the three test conditions are all less than the yield load of the anchor
rod, indicating that the anchor rods were pulled out in the elastic stage.

Fig. 7. Anchorage pull-out load-displacement curves

Since the LVDT displacement meter is fixed between the anchor rod and the testing machine
stop plate, the measured displacement δs0 is the displacement of the anchor rod measuring point
relative to the stop plate, which includes both the elastic deformation of the free section of the
anchor rod and the relative displacement between the anchor rod and the rock mass. Subtracting
the elastic deformation of the free section of the anchor rod from δs0 allows us to obtain the
relative displacement between the anchor rod and the rock mass, i.e., the shear displacement of
the anchor rod-rock mass coupling interface. The calculation formula is

δs = δs0 −
4Plb
πd2bEb

(3.2)

where lb represents the length of the free section of the anchor rod.
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Since the anchorage section length designed in the test is relatively short, it can be assumed
that the shear stress at the anchorage interface is uniformly distributed. Based on the anchor rod
pull-out load-displacement curve, the calculation formula for the shear stress τs at the anchor
rod-rock mass coupling interface is

τs =
P

πdbla
(3.3)

where la represents the length of the anchorage section.
Since the anchor rod does not yield during short anchorage pull-out, the test curve can be

considered as the mechanical characteristic curve of a single anchorage interface element. Based
on the shear stress-shear displacement relationship curve, the interface model parameters shown
in Fig. 1 can be calibrated, where the calculation formulas for τds and τ

s
s are as follows

τds =
Pmax
πdbla

τ ss =
Pres
πdbla

(3.4)

where Pmax is the peak tensile load in the elastic stage of axial stretching of the anchor rod,
Pres is the residual tensile load in the axial stretching of the anchor rod.
The shear stress-shear displacement relationship curves of the anchor rod-rock mass coupling

interface, calculated under different anchoring agent conditions according to Eqs. (3.2) to (3.3),
are shown in Fig. 8. The constitutive model parameters of the anchorage interface element under
the action of different anchoring agents are calculated and obtained, as listed in Table 2.

Fig. 8. Anchorage interface mechanical characteristic curves: (a) resin anchoring agent, (b) cement
paste, (c) cement mortar

From Fig. 8, it can be seen that different anchoring agents have a significant impact on the
mechanical parameters characterizing the bonding performance of the anchorage interface. Under
the action of different anchoring agents, the ranking of the peak shear strength of the anchorage
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Table 2. Trilinear bond-slip constitutive model parameters under different anchorage agent
conditions

Anchoring agent types τds [MPa] δ
d
s [mm] τ

s
s [MPa] δ

s
s [mm] kss [MPa/mm]

Resin anchoring agent 8.5 0.14 0.8 1.3 60.7

Cement paste 5.7 2.22 1.6 8.77 2.6

Cement mortar 7.1 0.16 2.8 6.74 44.4

interface is: resin anchoring agent > cement mortar > cement paste; the ranking of the residual
shear strength of the anchorage interface is: cement mortar > cement paste > resin anchoring
agent; the ranking of the residual shear displacement of the anchorage interface is: cement paste
> cement mortar > resin anchoring agent; the elastic shear stiffness of the anchorage interface
varies greatly, with the highest reaching 60.7MPa/mm and the lowest being 2.6MPa/mm, and
the ranking is: resin anchoring agent > cement mortar > cement paste. Comparing Fig. 8b and
Fig. 8c, it can be seen that when cement is used as the anchoring agent, adding sand particles
to the anchoring agent can increase the peak shear strength, residual shear strength, and elastic
shear stiffness of the anchorage interface, but at the same time, it reduces the initial sliding
displacement of the anchorage interface.

3.3. Load transfer laws of the anchorage interface under the action

of different anchoring agents

Assuming the anchorage length L = 600mm, based on the constitutive model parameters
of the anchorage interface element shown in Fig. 8, and using the evolution formulas for the
distribution of shear stress and axial force at the anchorage interface listed in Table 1, theoretical
calculations can be made to obtain the distribution and evolution process of the shear stress
and axial force during the entire process of interface debonding failure under different anchoring
agent conditions, as shown in Fig. 9.

Since the anchor rod itself has a certain bearing limit, when the theoretical calculated axial
force exceeds the breaking load of the anchor rod, the anchor rod will break. The breaking load
Pb of the anchor rod used in the test is 210 kN. From Fig. 9, it can be seen that when the
anchorage length is 600mm, the anchor body under the conditions of resin anchoring agent and
cement mortar anchoring will experience anchor rod breakage failure, while under the condition
of cement grout anchoring, the anchor body will experience interface debonding slip failure.
Observing the distribution of interface shear stress when the axial force equals the breaking load
of the anchor rod in Figs. 9a and 9e, it is shown that the anchor rod will break in the elastic-
damage stage of the anchorage interface. At that moment, the degree of damage to the anchorage
interface is relatively low, indicating that the anchorage support effect is greatly influenced by
the strength limit of the anchor rod at this time. Observing Figs. 9a, 9c, and 9e, it can be seen
from the distribution pattern of shear stress in different sections of the anchorage interface that
the greater the elastic shear stiffness kss of the interface, the more obvious the decay of the shear
stress and axial force in the elastic section of the interface along the anchorage length, and the
smaller the axial force of the anchor rod when the interface begins to damage.

4. Analysis of the bearing performance of the anchorage interface

4.1. Theoretical analysis of the ultimate bearing capacity

of the anchorage interface

Based on the theoretical analysis mentioned above, with the known breaking load of the
anchor rod, the ultimate anchorage force of the anchorage interface can be calculated theoreti-
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Fig. 9. Distribution curves of the shear stress and axial force under different anchorage agent conditions
with anchorage length of 600mm: (a)–(b) resin anchoring agent, (c)–(d) cement paste, (e)–(f) cement

mortar

cally. According to the constitutive model parameters of the anchorage interface calibrated with
different test data as shown in Fig. 8, using the aforementioned theoretical calculation method,
the curve of the interface ultimate anchorage force changing with the anchorage length under
different anchoring agent conditions can be calculated, as shown in Fig. 10. It can be seen from
the figure that the relationship between the ultimate anchorage force of the anchorage interface
and the anchorage length is related to the interface model parameters. Under the condition of
resin anchoring agent, the ultimate anchorage force tends to approach a certain fixed value as the



Load transfer law and bearing capacity of the anchorage interface based... 161

anchorage length increases. Under the conditions of cement grout and cement mortar anchoring,
the ultimate anchorage force increases approximately linearly with the anchorage length.

Fig. 10. Variation curves of interfacial ultimate anchorage force with anchorage length

At the same anchorage length, the interface ultimate anchorage force is generally smaller
under the condition of cement grout anchoring; when the anchorage length is less than 420mm,
the interface ultimate anchorage force under the condition of resin anchoring agent is greater
than that of cement mortar and cement grout anchoring at the same anchorage length. When the
anchorage length is greater than 420mm, the interface ultimate anchorage force with cement
mortar is greater than that with resin anchoring agent at the same anchorage length. This
indicates that when the anchorage length is relatively small, the magnitude of the interface
ultimate anchorage force is determined by the bonding strength, and the greater the peak shear
strength, the greater the interface ultimate anchorage force. However, when the anchorage length
is relatively large, the contribution of residual stage friction to improving the interface bearing
capacity increases, and at this time, the greater the residual shear strength, the greater the
interface ultimate anchorage force.

4.2. Experimental verification of the ultimate bearing capacity

of the anchorage interface

To verify the accuracy of the theoretical calculation results of the ultimate anchorage force
of the anchorage interface, cement grout with a water-cement ratio of 0.45:1m was used as the
anchoring agent. The anchor rod pull-out test scheme shown in Fig. 6 was adopted to conduct
anchor rod tensile tests on anchor bodies with anchorage lengths of 300mm, 400mm, 500mm,
and 600mm. The tensile load-displacement curves obtained from the test are shown in Fig. 11.
The experimental and theoretical values of the ultimate anchorage force at different anchorage
lengths, as well as the theoretical deviation rates, are listed in Table 3. The deviation rates are
relatively small, indicating a high degree of conformity between the experimental and theoretical
values. When the anchorage length is 500mm and 600mm, the anchor rod yields during the
tensile process, and the experimental value of the interface ultimate anchorage force is less than
the theoretically calculated value, with a theoretical deviation rate reaching 3.0%. This indicates
that the yield strengthening of the anchor rod will lead to reduction in the bearing capacity of
the anchorage interface.
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Fig. 11. Load-displacement curves with different anchorage lengths under the cement paste anchorage
condition

Table 3. Experimental and theoretical values of the interfacial ultimate anchorage force

Anchorage Experimental Theoretical Deviation rate
length L [mm] values [kN] values [kN] of theoretical values [%]

300 108 107 −0.9

400 144 141 −2.1

500 170 175 2.9

600 201 207 3.0

5. Conclusions

(1) Based on the three-stage model, a constitutive equation for the evolution of shear stress
damage in the anchorage interface element was established, and theoretical derivations
were obtained for the expressions of shear stress and axial force distribution evolution at
the anchorage interface during the entire process of anchor rod pull-out.

(2) Anchor rod pull-out tests were conducted to provide a method for calibrating the in-
terface model parameters. Different anchoring agents have a significant impact on the
interface model parameters. Compared with cement grout and cement mortar, applying
the resin anchoring agent, the interface peak shear strength is larger, but the initial slip
displacement and friction force during the slip stage are the smallest.

(3) The load transfer laws and bearing performance of the anchorage interface under the
action of different anchoring agents were calculated and analyzed. Since the anchor rod has
a certain bearing limit, when the theoretical calculated axial force exceeds the breaking
load of the anchor rod, the anchor rod will fail by breaking. Therefore, the theoretical
calculation and analysis method can predict the mode of anchorage failure. The greater
the elastic shear stiffness of the anchorage interface, the more obvious the decay of shear
stress and axial force in the elastic section of the interface along the anchorage length, and
the smaller the axial force of the anchor rod when the interface begins to damage.

(4) The ultimate anchorage force of the interface at different anchorage lengths can be obtained
through theoretical calculations. The test validation results show that the error between the
experimental and theoretical value of the interface ultimate anchorage force is within 3%.



Load transfer law and bearing capacity of the anchorage interface based... 163

However, the yield strengthening of the anchor rod will reduce the anchorage bearing
capacity, and the error of the theoretical calculation value will increase.
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