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Background Earthen heritage sites have high cultural and scientific value. However, most of earthen heritage
sites have been severely damaged and are in urgent need of restoration. To address this issue, a novel rockbolt,
bamboo-steel composite rockbolt (BSCR), was proposed and widely employed in earthen site protection. However,
the research on the anchorage mechanism of BSCR lags behind engineering practice, particularly with regard to its
behavior under the coupled effect of tensile and shear stress.

Case Presentation In this study, based on centrifugal test results, a numerical model was established and validated
and a comparative analysis of the anchorage mechanism between conventional rockbolt (CR) and BSCR was also con-
ducted. Various parameters, including rockbolt diameter, bending stiffness, inclination angle, and length, were sys-
tematically investigated to elucidate their influence on protective efficacy.

Conclusion BSCR has a larger diameter and bending stiffness, and is superior to CR in protecting earthen herit-

age sites. In addition, reducing the rockbolt inclination angle and increasing the number of rockbolt layers can
reduce slope deformation caused by the coupling effect of tensile and shear stress. Increasing the length of BSCR
can enhance the stability of the anchored slopes; however, due to the influence of the effective anchorage length
of the rockbolt, excessively extending the rockbolt length is inefficient. These research results provide valuable
insights into the application of BSCR in earthen site protection and can provide a reference for further research on its

Keywords Earthen heritage site protection, Bamboo-steel composite rockbolt, Coupled effect of tensile and shear

Introduction

Ancient sites are of increasing importance to many coun-
tries as they represent a crucial part of human civilization
(Hemeda 2018). These sites possess significant scientific,
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historical, and artistic value, and are non-renewable
resources. Among these sites, earthen heritage sites are
particularly vulnerable to environmental erosion and
susceptible to damage from geological disasters (Tempa
and Yuden 2023). Therefore, it is crucial to focus on the
protection of earthen heritage to ensure its preserva-
tion for future generations (Li et al. 2020; Pei et al. 2020;
Romanazzi et al. 2019). In the case of the Jiaohe Ruins in
China, as depicted in Fig. 1, its predominant formation
can be attributed to river erosion, resulting in the crea-
tion of a 30-m-high elongated platform. This site is clas-
sified as a natural raw soil architectural heritage site, in
which, most buildings in Jiaohe Ruins were excavated
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Fig. 1 a Jiaohe ruins in China, b Photo of BSCR

from the earth, partially constructed with it, or a combi-
nation of man-made materials, including rammed earth,
mud bricks, and cob (Shao et al. 2013). Despite the high
soil strength caused by the arid and hot climate and min-
eral cementation, these buildings have undergone severe
weathering and rupture over thousands of years, mainly
due to rainfall and wind erosion. Many earthen heritage
sites have suffered serious structural damage and require
restoration (Wang et al. 2022). Despite many efforts to
promote the protection of earthen heritage sites over the
past few decades, it cannot be denied that the technology
for protecting these sites is not yet mature (Correia 2016;
Richards et al. 2018, 2020).

The restoration of earthen heritage sites requires strict
adherence to principles aimed at retaining their appear-
ance and minimizing any structural damage. To achieve
these goals, anchorage technology has become a popu-
lar solution widely employed by cultural relic protection
departments. Rockbolts are a critical component of this
approach as they require minimal soil excavation, and
upon installation, they can be buried in the soil while
the surface is covered with on-site soil. However, con-
ventional rockbolts (CRs) are not suitable for earthen
heritage site protection (Wang et al. 2022), as it is typi-
cally composed of steel bar/strands, which implies high
costs, especially when used in large quantities. Fur-
thermore, its structural strength would continuously
decrease over time, making it challenging to satisfy pro-
longed performance criteria. Additionally, the soil at
earthen heritage sites is loose and soft, and due to the
relatively small diameter of CR, it struggles to provide
sufficient anchoring force. To solve the shortcomings of
CRs, bamboo-steel composite rockbolts (BSCR) were
proposed (Ren et al. 2009), and the appearance is shown
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Fig. 2 Stress distribution of rockbolt in earth heritage site

in Fig. 1b. The primary material used in BSCR is bam-
boo, a natural substance that offers advantages in terms
of cost-effectiveness and robust corrosion resistance.
Additionally, the relatively large diameter of BSCR con-
tributes to its substantial bending stiffness, high pull-out
resistance, similar deformability with soil and signifi-
cant anchoring force. These attributes collectively play a
crucial role in preserving the stability of earth heritage
sites. The BSCRs have been successfully applied to the
Ruins of Jiaohe, Gaochang and Juyan in China. Despite
their successful application, research on the anchorage
mechanism of BSCR is significantly lagging behind engi-
neering practice (Ren et al. 2012). Furthermore, anchors
within the soil consistently experience complex stress
conditions, characterized by combined tensile and shear
stresses, as depicted in Fig. 2. Therefore, it is imperative
to investigate the anchorage mechanism of BSCRs, espe-
cially under the coupled effect of tensile and shear stress
(Takase 2019).

The present study aims to investigate the anchorage
mechanism of BSCR under the coupled effect of ten-
sile and shear stress, utilizing the finite element analysis
method. The methodology involves validating a finite



Ren et al. Geoenvironmental Disasters (2024) 11:1

element model through centrifuge model tests, followed
by a parametric study to analyse the influence of vari-
ous design parameters, including the inclination angle
of rockbolt, the number of anchorage layers, and the
length of the rockbolt. The findings of this investigation
have implications for optimizing the engineering design
of BSCR and improving its effectiveness in the preserva-
tion of earthen heritage sites. Consequently, this research
contributes to the practical application of BSCR technol-
ogy in heritage site protection projects.

Materials and methods

BSCR structure

BSCR is a composite reinforcement composed of bam-
boo, composite fillers, and steel strands. The manufac-
turing process of BSCR involves several steps. Initially,
a bamboo with a diameter of approximately 100 mm is
chosen and then split into two sections along the radial
direction. These sections are subsequently filled with a
composite filler, which is a mixture of fly ash, epoxy resin,
asbestos, alcohol and curing agent. Next, the two halves
of the bamboo are brought together with a steel strand
positioned at the center, and bundled with steel straps
at intervals of 0.5 m. Finally, the bundled bamboo is
wrapped with glass cloth and coated with epoxy resin to
enhance corrosion resistance. A diagram and photograph
of the cross-section of BSCR are displayed in Fig. 3. The
mechanical properties of BSCR are derived from the
high strength and toughness of bamboo, the reinforc-
ing function of the inner steel strand, and the composite
filler, which serves to bond the bamboo and steel strand
together and transfer loads from the bamboo to the steel
strand (Ren et al. 2010; Zhang et al. 2015). Through on-
site tests at the Jiaohe Ruins, Zhang et al. (2015) found
that the ultimate pull-out resistance of BSCR with a
length of 5 m and a diameter of 95 mm can reach over
200 kN, showing the substantial potential of BSCR for
reinforcing earthen heritage sites.
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The specific installation steps for BSCR are shown in
Fig. 4 (a)-(i): (a) Use a drilling rig to bore holes at speci-
fied locations within the soil site that require reinforce-
ment, ensuring the holes are straight to maximize the
reinforcing effect of the BSCR; (b) After completing
the drilling, thoroughly clean the soil inside the holes;
(c) Attach two ropes to the front and rear parts of the
BSCR and carefully hoist it onto the work platform. The
purpose of these two ropes is to facilitate the control of
the BSCR and prevent any damage to it during the lift-
ing process. (d) Insert the BSCR into the drilled holes.
(e) Perform grouting inside the holes. (f) Grouting com-
pleted; (g) Install the anchor plates. (h) Seal the holes
using on-site soil and make necessary adjustments; (i)
Installation completed.

Centrifuge model tests

To investigate the anchorage mechanism of rockbolts
under the coupled effect of tensile and shear stress, a
series of centrifugal model tests on bolted slopes were
performed at 18 gravities using a centrifuge facility at
Tongji University, Shanghai, China. The details of this
centrifuge facility were described in detail by Huang et al.
(Huang et al. 2020). To ensure the results of centrifuge
model tests are comparable to those of a prototype, it is
crucial to correctly scale down the parameters of the cen-
trifuge model experiment based on the similitude laws
and select appropriate materials (Ren et al. 2020a, b).
The details of the scaling laws adopted for the centrifuge
model tests are listed in Table 1. The model slopes in the
tests were 500 mm high, equivalent to a 9 m high slope
in prototype. Over the span of the past decade, extensive
research endeavors have been dedicated to investigat-
ing the fundamental physical properties of soils within
the confines of the Jiaohe ruins, as detailed by Shao
et al. (2013). Building upon the findings of these previ-
ous studies and the scaling laws listed in Table 1, some
key parameters, namely uniaxial compressive strength,
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Fig. 3 a Photo of the BSCR cross section, b Schematic drawing of the BSCR cross section
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Fig. 4 Installation procedure of the BSCR

Table 1 Main scaling laws adopted for centrifuge model tests
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Table 2 Properties of model soil used in the tests

Parameters Prototype Model Properties Unit Value
Soil of slope Uniaxial compressive strength: g, kPa 585
Density (o,) 1 1 Secant modulus: Es, MPa 42
Young's modulus () 1 1 Density: o g/cm? 203
Cohesion () 1 1 Cohesion: ¢ kPa 148
Friction angle () 1 1 Friction angle: @ ° 30
Rockbolts
Bending stiffness (B) 1 1/N
TénSIIe strength (1) 1 N ratios, it was observed that an incremental rise in cement
Diameter (D) 1 1/N

N=model ratio

secant modulus, density, cohesion, friction angle, have
been confirmed for this study. The slope soil was mod-
eled using a mixture of silica sand, clay, cement, and
water. Through a comparative analysis of uniaxial com-
pression test results on model soil with varying cement

content led to a corresponding enhancement in the
strength of the model soil. Notably, a model soil sam-
ple with a 9% cement mass ratio exhibited a density of
2.03 g/cm3 and an elastic modulus of 42 MPa. This con-
trasted with the density of approximately 2 g/cm3 and an
elastic modulus of roughly 40 MPa found in the proto-
type soil of the Jiaohe ruins. According to the similarity
law of centrifugal model, the physical and mechanical



Ren et al. Geoenvironmental Disasters (2024) 11:1

l Load motor

Load plate

. . W
Inclination angle %
<

—
Laser displacement
transducer

Page 5 of 13

Iy 600mm:

Fig.5 Centrifuge model test a Layout of the slope with the locations of measuring sensors b Centrifuge model

properties of the model soil are very similar to the proto-
type soil. Therefore, the mass ratio of each component in
the model soil is determined as silica sand: clay: cement:
water =8:2:0.9:2.18, and the curing period is 7 days. The
detailed mechanical characteristics of the model soil
are presented in Table 2. During the casting process of
slope models, a fissure (72° from the bottom, 370 mm in
length), consisting two-layer poly tetra fluoro ethylene
(PTFE) films coated with lubricating oil, was pre-embed-
ded at a distance of 130 mm from the top of the slope
surface. Two types of rockbolts, made of organic glass
(polymethyl methacrylate) and steel wire, were employed
to simulate BSCR and CR respectively. It should be noted
that the two kinds of rockbolts have the same axial stiff-
ness but different bending stiffness, that is to say, BSCR
can bear much more lateral shear stress than CR. The
loading system was composed of a load plate (dimen-
sions: 130 mm X 130 mm X 25 mm) and a load motor with
a constant loading rate of 15 mm/min.

The top settlement and lateral deformation of the slope
face were measured by two laser displacement trans-
ducers. The particle image velocity (PIV) technique was
used to determine the global deformation of the slope
by comparing high-definition digital camera photos
captured before and after loading (Li and Jing 2008). In
addition, the strains of rockbolts were measured using
strain gauges. The layout of the slope with locations
of measurement sensors and the centrifuge model are
shown in Fig. 5. Five tests were carried out to investigate
the anchorage mechanism of rockbolts with different
parameters as listed in Table 3. A detailed description of
the centrifuge tests and the analysis of the results can be
found in Refs (Ren et al. 2018).

Table 3 Summary of model configurations

Test name Rockbolts material Number
of layers
Case NR - _
Case 1 Steel wires 1
Case 2 Organic glass 1
Case 3 Steel wires 2
Case 4 Organic glass 2
T 9 , |
Rockboltv“ '\ & Fixed in x direction
[ 1 £ Fixed in x, y direction
>
9m
Stl;l.!ctura! plané
N y TN
& |

} 10.8 m }

Fig. 6 FEM mesh used in simulation (Prototype)

Finite element simulation

The finite element program PLAXIS was employed to
simulate the aforementioned centrifuge model test. In
order to investigate the anchorage mechanism of the
rockbolts subjected to the coupled effect of lateral ten-
sile and shear stress in practice engineering, the scale of
the numerical model was consistent with the prototype
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Table 4 Material parameters of slope

Materials Elastic Poisson’s Cohesion Internal
modulus £ ratiov c (kPa) friction angle
(Mpa) ()

Slope soil 40 0.25 148 30

Structural 0.35 0.35 2 10

plane

Table 5 Material parameters of BSCR and CR

Materials Axial stiffness EA Bending stiffness E/ Diameter
(kN) (kN-m?) D (cm)

BSCR 3.18x10* 496 10

CR 3.18x10% 0.042 2

of the centrifuge test. That is, a 9 m high and 10.8 m
long slope was numerically built, with the bottom fixed
and the sides set to be horizontally fixed, as shown in
Fig. 6. BSCR was simulated by plate elements, and the
CR was simulated by spring elements, and the struc-
tural plane was simulated by interface elements. The
plate elements can bear tensile stress and shear stress,
while the spring elements can only bear tensile stress.
In this investigation, it is assumed that both the plate
elements and spring elements are elastic. The Mohr—
Coulomb failure criterion was used for modelling the
behaviour of soil and structural plane in this study, a
technique widely utilized by scholars in finite element
analysis (Ardakani et al. 2014; Argani and Gajo 2021; Jia
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et al. 2010). Material properties of the slopes and rock-
bolts used in the numerical model were determined
through laboratory testing, and are summarized in
Table 4 and Table 5.

Verification of the finite element model

To ensure the validity of the finite element model and
effectively simulate the mechanical behavior of BSCR, it
is necessary to verify its accuracy. In this study, combined
with the results of the centrifugal model tests (Ren et al.
2018), the verification of the finite element model was
conducted by means of a comparative analysis involving
the slope bearing capacity, deformation and axial stresses
along the rockbolt.

Bearing capacity

The load—displacement relationship plays a vital role in
evaluating the load-bearing capacity of bolted slopes
and the effectiveness of rockbolts, making it a signifi-
cant parameter in engineering practices. Through a com-
parison between the load—displacement curves obtained
from five centrifuge test results and the correspond-
ing calculated results presented in Fig. 7, the numeri-
cal results are good agreement with the centrifuge test
results. In addition, the load-displacement curves of
the bolted slopes (Case 1-Case 4) in centrifuge tests, as
shown in Fig. 7b-e, can be characterized by three con-
secutive stages: elastic, plastic and failure. Initially, dur-
ing the elastic stage at the initial loading phase, there is
a rapid increase in the vertical load, leading the bolted
slopes to reach the plastic point with a minimal vertical
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displacement of approximately 0.05 m. Subsequently, as
the plastic stage commences, the growth rate of the ver-
tical load diminishes significantly with the progressive
increase in vertical displacement, indicating the onset of
yielding in the rockbolts. Towards the end of the plastic
stage, there is a sharp decline in loading corresponding to
the increase in vertical displacement, marking the tran-
sition of the slopes into the failure stage, characterized
by rockbolt yield failure. In contrast, the load—displace-
ment curve of the slope without any reinforcement (Case
NR), as shown in Fig. 6a, can be roughly divided into two
stages of elastic and damage. Following the elastic stage,
the fractured soil entered directly into the damage stage,
aligning with the inherent characteristics of the soil. Fur-
thermore, upon comparing Fig. 7b and c, it becomes evi-
dent that BSCR exhibits a superior load-bearing capacity
in comparison to CR. This distinction arises from the fact
that CR, due to its smaller diameter, is more prone to cut-
ting into the soil (Spang and Egger 1990). On the other
hand, the larger diameter of BSCR has a higher bending
stiffness and can effectively mitigate this problem.
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Deformation and failure mode

As mentioned in the section of Centrifuge model tests,
the displacement vector magnitude and shear strain of
slopes could be obtained by the PIV technology. How-
ever, due to the limitation of the observation window size
of the model box, only the area within the red dotted box
shown in Fig. 8a was taken for analysis. In addition, as the
anchorage mechanism of BSCR is the main focus of this
research, the centrifuge test of Case 2, which replicated
BSCR in prototype, was chosen for numerical compari-
son. Figure 8b and ¢ show the displacement vector mag-
nitude and shear strain of the centrifugal slope model at
failure in Case 2 respectively. It can be seen that the slope
deformation mainly occurs in the sliding soil body on the
right side of the structural plane. The shear strain mainly
accumulates in the lower part of the sliding soil and at the
intersection of the sliding surface and the rockbolt. This
phenomenon could potentially be attributed to stress
concentration resulting in localized loosening of the
soil medium. The displacement and shear strain nepho-
grams of the numerical results are shown in Fig. 8d and

a)
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Fig. 8 Displacement vector magnitude and shear strain of the slope at failure (Case 2) a Centrifuge model photo b Displacement vector magnitude
in model test ¢ Shear strain in model test d Displacement vector magnitude in numerical simulation e Shear strain in numerical simulation
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e, which are similar to the experimental results in terms
of tendency and magnitudes. In other words, the numeri-
cal simulation agrees well with the centrifuge test on the
whole.

Axial stress of rockbolt

Figure 9 presents a comparison between the measured
and calculated axial stress distribution along the rock-
bolt under a vertical load of 250 kPa, where positive
values indicate tensile stress and negative values indi-
cate compression stress. It can be observed that the
calculated results are slightly lower than the measured
results, but the overall distribution of axial stress is
nearly identical. It should be noted that the axial strain

i A Test, 250kPa
i = Numerical, 250kPa

N W b

Axial stress (MPa)
o -
) >

Distance from the anchor plate (m)

Fig. 9 Distribution of axial stress along rockbolt (Case 2)
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300

200
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Fig. 10 The slope deformation for different rockbolt inclination angles

0=75° Upnax=0.2063m

0=120°; Uex=0.4405m
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of rockbolt, obtained from the strain gauge readings,
may be influenced by various factors such as installa-
tion and calibration-strain relationship, as mentioned
by Ren et al. (Ren et al. 2016). Therefore, the difference
between the measured and the calculated axial stress
of rockbolt in this study is still acceptable. This analysis
further substantiates the higher precision of the finite
element analysis employed in this study, thereby pro-
viding a solid foundation for conducting further inves-
tigations into the anchorage mechanism of BSCR.

Parametric analysis

Although the results of model tests are generally reli-
able, the testing process can be both time-consuming and
costly, making it arduous to perform a considerable num-
ber of tests. With the development of computer technol-
ogy, the alternative method of finite element analysis has
been widely used by many scholars and achieved good
results. To further investigate the influence of design
parameters, a parametric study was performed using the
finite element analysis in this study, in which the centrif-
ugal test of Case-2 was chosen as the benchmark group.
This approach allowed for a comprehensive exploration
of the impact of various design parameters, while lever-
aging the benefits of computational analysis.

Effect of the rockbolt inclination angle

The inclination angle o, which represents the angle
between rockbolt and structural plane (as shown in
Fig. 5a), is a significant factor influencing the mechanical

0=90°; Unax=0.2664m

0=135°% Upnaux=0.5887m
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characteristics of rockbolts. This has been approved by
numerous researchers (Chen 2014; Cui et al. 2020; Li
et al. 2016). In this study, the impact of different rockbolt
inclination angles on slope deformation under a load of
250 kPa was investigated, and the results are presented
in Fig. 10. It can be observed that the slope deformation
increases as the inclination angle becomes larger, with
this trend becoming more pronounced for angles exceed-
ing 90°. This phenomenon can be attributed to the fact
that BSCR is more flexible and has a significantly greater
capacity for tension than compression. Thus, BSCR per-
forms better in terms of tensile strength when the rock-
bolt inclination angle is less than 90°. However, if the
anchorage angle exceeds 90°, the rockbolt is subjected to
higher compressive stress. These findings are supported
by the distribution of axial stress along the rockbolt for
different inclination angles, as illustrated in Fig. 11a. At
an inclination angle of 60°, the axial stress values are
predominantly positive, while at an anchoring angle of
135°, the values are entirely negative. This indicates that
as the inclination angle of the rockbolt changes from 60°
to 135°, it undergoes a gradual transition from tension to
compression.

Axial stress (MPa)

0 1 2 3 4 5 6 7 8
Distance from the anchor plate (m)

()
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However, it is not suggested to reduce the inclination
angle of the rockbolt too much, as this will make it dif-
ficult to fully utilize BSCR’s lateral shear capacity. As
shown in Fig. 11b, when the inclination angle is 90°, the
maximum positive and negative values of the shear stress
of the rockbolt are at a higher level, indicating that the
shear capacity of BSCR is completely exerted in this state.
Moreover, the two images depicting angles «=60° and
a=75°" in Fig. 10 demonstrate that reducing the incli-
nation angle may not necessarily result in a significant
reduction in slope deformation. Therefore, in practi-
cal engineering applications, it is advisable to choose an
inclination angle slightly less than 90° to facilitate grout-
ing operations while still maintaining a satisfactory level
of performance.

Effect of the number of rockbolt layers

Figure 12 illustrates the effect of the number of BSCR lay-
ers on slope deformation under a vertical load of 250 kPa.
The results demonstrate a decrease in slope deforma-
tion with an increase in the number of rockbolt layers.
This observation aligns with expectations, as a greater

2

0 A\ -

2 |

p [60°]

Shear stress (MPa)
N

0 1 2 3 4 5 6 7 8
Distance from the anchor plate (m)

(b)

Fig. 11 a Axial stress and b shear stress distribution with different anchorage angle
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number of rockbolt layers enhances the overall stiffness
of the bolted slope, thereby increasing its resistance to
deformation (Lin et al. 2020). Figure 13a and b depict the
distribution of lateral displacement and settlement of the
slopes with varying numbers of rockbolt layers. Notably,
increasing the number of rockbolt layers from two to
three results in only a 4.7% reduction in lateral displace-
ment and a 13.8% reduction in settlement compared to
increasing from one to two. Therefore, considering the
principle of minimizing damage to earthen heritage sites,
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it is recommended to avoid excessive use of rockbolts
while ensuring safety and effective deformation control.

Effect of the rockbolt length

Figure 14 shows the deformation of bolted slopes with
varying rockbolt lengths. The slope deformation is
the greatest with the smallest rockbolt length of 3 m,
whereas there is no discernible difference between
the slopes with rockbolt lengths of 7.6 m and 5 m. It is
observed that reducing the rockbolt length from 5 to

Three layers; Unax=0.1875 m

The distance from the slope surface (m)
25 2 1.5 1 0.5 0

T 0

Settlement (m)

=——0One layer
—Two layers

-0.2
——Three layers

-0.25

Fig. 13 The lateral displacement and settlement distribution with the number of rockbolt layers
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Fig. 15 a Axial stress and b shear stress distribution of rockbolts with different length

3 m leads to a ten-fold increase in slope deformation
compared to a reduction from 7.6 m to 5 m. This indi-
cates that increasing the rockbolt length can enhance
slope stability, but excessively long rockbolts do not sig-
nificantly improve it.

Figure 15a and b compares the axial stress and shear
stress of rockbolts of various lengths. The axial stress
distribution range of the shortest rockbolt is smaller
than that of other rockbolts, indicating that it is too
short to provide complete anchoring force. The axial
stress distribution of the 7.6 m and 5 m rockbolts is
nearly identical, meaning that the axial stress is very
small beyond 5 m for the 7.6 m rockbolt. This find-
ing suggests that the BSCR has an effective anchorage
length of approximately 5 m, as supported by previ-
ous studies (Ren et al. 2018, 2020a, b). In addition, the
length of the rockbolt has little effect on the distribu-
tion of shear stress, which is mainly concentrated near
the structural plane.

In conclusion, the stability of bolted slopes could be
improved by increasing the length of BSCR. However,
due to the limitation of the effective anchorage length
of the rockbolt, excessive lengthening of the rockbolt
is wasteful. On the other hand, reducing the drilling
depth of the rockbolt can be a way to preserve earthen
heritage sites. However, considering the presence of
cracks within the earthen heritage sites that continue
to propagate internally, as indicated by the multi-layer
crack structure in Fig. 1a, it is crucial to ensure a suf-
ficient safety length of the rockbolt.

Conclusion

BSCRs have been widely employed to protect earthen
heritage sites, but its anchorage mechanism is still
unclear, especially under the coupled effect of ten-
sile and shear stress. In this paper, combined with the
results of centrifuge tests, the anchorage mechanism
of BSCRs under the coupled effect of tensile and shear
stress was investigated by the means of numerical sim-
ulation, and a parametric study was also carried out for
providing further insights on the effect of the design
parameters. The main conclusions are as follows:

1. Compared with CRs, BSCRs with larger bending
stiffness could bear more load, and are more suitable
for the protection of earthen heritage sites. The axial
stress and shear stress experienced by the rockbolts
primarily concentrate in or near the structural plane
due to the coupled effect of tensile and shear stress.

2. The slope deformation increases with an increase of
the inclination angle, and this trend becomes more
pronounced when the angle exceeds 90°. In practi-
cal engineering applications, it is recommended to
maintain the inclination angle slightly below 90° to
maximize the lateral shear resistance of BSCR.

3. The slope deformation decreases as the number of
BSCR layers increases. However, considering the
principle of minimizing damage to earthen heritage
sites, it is advisable not to utilize an excessive num-
ber of BSCR layers while ensuring safety and effective
deformation control.
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4. Increasing the length of BSCR can improve the sta-
bility of the slope. Nevertheless, due to the limita-
tions imposed by the effective anchorage length,
excessively lengthening the rockbolt is inefficient and
wasteful.

In conclusion, this study provides valuable insights
into the anchorage mechanism of BSCRs under the
combined effect of tensile and shear stress. The findings
highlight the superior load-bearing capacity of BSCRs
compared to CRs, emphasize the significance of the
inclination angle and number of BSCR layers in slope
deformation control, and underscore the importance
of optimizing the rockbolt length while considering the
effective anchorage length. These conclusions contrib-
ute to a better understanding of BSCR behavior and
provide practical guidance for the protection of earthen
heritage sites.
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