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Abstract

This study aims to investigate the beneficial effects of surface retaining elements (SREs) on the mechanical behaviors of
bolted rock and roadway stability. 3D printing (3DP) technology is utilized to create rock analogue prismatic specimens for
conducting this investigation. Uniaxial compression tests with acoustic emission (AE) and digital image correlation tech-
niques have been conducted on 3DP specimens bolted with different SREs. The results demonstrate that the strength and
modulus of elasticity of the bolted specimens show a positive correlation with the area of the SRE; the AE characteristics
of the bolted specimens are higher than those of the unbolted specimen, but they decrease with an increase in SRE area,
thus further improving the integrity of the bolted specimens. The reinforcement effect of SREs on the surrounding rock of
roadways is further analyzed using numerical modelling and field test. The results provide a better understanding of the role
of SREs in rock bolting and the optimization of rock bolting design. Furthermore, they verify the feasibility of 3DP for rock
analogues in rock mechanics tests.
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1 Introduction

The stability of roadways in underground coal mines is a
long-lasting concern due to its paramount importance in
ensuring safe and efficient mining operations. Compared
to other underground engineering (e.g., metal mining, tun-
neling, etc.), the ground control in coal mine roadways is
more challenging due to the weak and fractured rock mass
conditions, continuous geotechnical disturbances (longwall
mining, strata collapse, fault-slip, etc.) and limited support
costs (Peng 2008; Bobet and Einstein 2011).
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To date, rock bolting is the dominant supporting method
for coal mine roadways (Thompson et al. 1999; Guo et al.
2013; Kang et al. 2010). Surface retaining elements (SREs)
such as plates, straps, and wire meshes play an indispensable
role in rock bolting systems. These elements are needed to
form a support system by integrating all support elements
and to transfer the load between the rock and support (Fig. 1)
(Kang et al. 2010; Li 2017). The significance of SREs
becomes even more pronounced when roadway stability is
especially difficult to be maintained, such circumstances
include but are not limited to weak and broken rock masses
and high in situ stress. The SREs and their links to the bolts
are considered the weak point of a rock support system, and
the failure of one element can compromise the support sys-
tem and lead to roof accidents (Cai 2013; Stacey 2011).

Over the past few decades, studies on the mechanical
properties and supporting mechanisms of these elements
have received considerable attention from researchers world-
wide. Researchers first focused on the mechanical behaviors
and support performance of individual elements, and labo-
ratory tests and function analyses were carried out on wire
meshes and plates to investigate their mechanical behaviors,
such as strength and deformability (Ortlepp 1983; Morton
et al. 2007; Player et al. 2008; Gray 2019). The overall
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Fig. 1 Application of bolts and
surface retaining elements in
roadway support (after Kang
et al. 2010)

performance and interactions between the bolts and SREs
were investigated afterward (Kang et al. 2015) conducted
comprehensive research on the interactions among rebar,
plates and washers by means of laboratory tests, numeri-
cal modeling and field tests, and their results highlighted
the contact surface and deformation compatibility between
the plates and washers. Cui et al. (2011) analyzed the effect
of the end plate of fully grouted rock bolts on the global
stability of a tunnel with a simplified numerical procedure.
Dolinar (2004) investigated the load-bearing capacity and
stiffness of the support material, area and pre-tightening
force of plates to identify the affecting parameters. Charette
and Bennett (2017) verified the importance of the plate-bolt
compatibility through dynamic tests.

One of the major working mechanisms of rock bolting
is the reinforcement of bolted rock masses, whose over-
all rock mass properties are significantly improved (Peng
2008; Brady and Brown 2006). Quantitative analyses of the
rock mass reinforcement effect were carried out with differ-
ent methodologies. Analytical attempts have been made to
study the equivalent properties of bolted rock (Bobet and
Einstein 2011; Srivastava and Singh 2015) and the response
(displacement and stress distribution, etc.) of bolted open-
ings (Zou et al. 2016). Laboratory tests have always been a
powerful method since the beginning of rock mechanics,
and tests on bolted rock have been conducted abundantly.
Researchers have carried out uniaxial compression tests
(Sakurai 2010), tension tests (Wu et al. 2018), shear tests
(Ferrero 1995) and pull-out tests (Sawwaf and Nazir 2006)
on bolted rocks or analogues, and the results have shown
a significant increase in the rock mechanical properties in
deformation modulus, strength in compression, tension, and
shear, etc. The effects of various rock bolting parameters on
the reinforcement performance have also been investigated
in detail. By means of both experimental and numerical
analysis, Grasselli (2005) discussed the different mechanical
responses of bolted rocks with respect to the change in the
diameter, angle and material of the bolt. Other considered
bolt parameters include the length, density and grout proper-
ties (Kilic et al. 2002; Srivastava and Singh 2014). However,
as an essential part of the rock bolting system, the effect of
the SRE on the overall mechanical behaviors of a bolted rock
mass has not been adequately addressed.
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Therefore, in this study, the mechanical behaviors of rock
specimens bolted with different SRE designs are investi-
gated with uniaxial compression tests, and the fracture and
deformation evolutions are monitored and analyzed with
acoustic emission (AE) and digital image correlation (DIC)
techniques. Sand-powder 3D printing is employed to create
uniform and large rock analogues. The reinforcement effect
of SREs on roadway surrounding rock is further analyzed
with numerical modelling and field test. The results of the
presented research provide a deeper understanding of the
importance of SREs in rock bolting and contribute to rock
bolting design. In addition, the methodology of sand-powder
3D printing provides insights regarding rock analogue prepa-
ration, which is a common issue in multiple fields of rock
mechanics and engineering.

2 Rock analogue based on sand-powder 3D
printing

2.1 Applications of 3D printing in rock mechanics

Natural rock has a high degree of heterogeneity, making it
difficult to generate consistent results from multiple tests,
even if they are taken from the same rock body. Addition-
ally, rock specimens are usually destroyed in most mechani-
cal tests, meaning that repeat tests or investigations of other
properties cannot be performed (Gell et al. 2019; Wu et al.
2016). To overcome such problems, the application of rock
analogue/artificial material started since the beginning
of rock mechanical testing and has become a major topic
(Ivars et al. 2011; Smith et al. 2014). In terms of research on
rock bolt reinforcement, bolted analogues made by cement
(Sakurai 2010), concrete (Ferrero 1995) and gypsum (Xu
and Zhou 2019) are widely employed. Spang and Egger
(1990) conducted shear tests on concrete specimens with
fully grouted bolts; Yang et al. (2020) investigated the rein-
forcement effect of pre-tensioned bolts on jointed cement
specimens.

However, a common limitation shared by using either
natural rocks or analogues is the difficulty of producing
internal and complex defects. Use of a wire saw, water jet or
filling molds can only create external and simple geometry
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defects (Fedrizzi et al. 2018). To overcome these problems,
the development of 3D printing has led to recent attempts
all over the world (Tian and Han 2017).

The 3D printing (3DP) technology, also known as addi-
tive manufacturing, is capable of creating multiple identical
specimens so that tests can be repeated, and hence more
reliable conclusions can be drawn (Gell et al. 2019). More
importantly, 3DP can be used to replicate the internal struc-
ture of rock mass, which is not possible using any previ-
ous artificial specimen technique (Squelch 2018; Suzuki
et al. 2017; Zhao et al. 2023; Zhou and Zhu 2017). It is well
known that the most essential part of using rock analogue is
the similarity validation of the mechanical behaviors com-
pared to the natural rock. 3DP can create specimens with a
wide variety of materials following the structures from 3D
digital modeling. According to the printing process, 3DP
can be divided into fused deposition molding (FDM), ste-
reolithography appearance (SLA), or binder jetting technol-
ogy (BJT). Different technologies have unique prototyping
principles and corresponding suitable printing materials, and
they also have different applications in the rock field (Song
et al. 2018). With laboratory testing, researchers have found
that rock analogues printed by FDM and polylactic acid have
difficulty directly simulating natural rocks (Jiang and Zhao
2015). The brittleness of analogues made by SLA and pho-
tosensitive resin was stronger than that of other materials,
which makes it suitable for simulating hard rock (Zhou and
Zhu 2017). In recent years, analogues made by BJT and
sand powder have been found to be quite close to natural
sandstone, thus providing a more rock-like porous structure
and deposition process (Perras and Volger 2019).

Recent studies have revealed that sand-powder 3D printed
analogues show good similarity in mechanical behaviors to
sandstone and other rocks that are common in underground
coal mining, such as similar peak strength and elastic-brit-
tle deformation characteristics (Niu et al. 2023; Tian et al.
2023; Volger et al. 2017). In addition, different sand types,
printing parameters and material ratio can make sand pow-
der 3D printing analogues realize laboratory reproduction
of rocks with different lithologies (Gomez et al. 2019). By
investigating the strength in compression, tension and crack
propagation, sand-powder 3D printing has been considered
a promising technique for creating rock analogue (Tian and
Han 2017; Primkulov et al. 2017). Gomez et al. (2019)
investigated the mechanical and hydraulic characterization
of reservoir sandstone analogues by sand-powder 3D print-
ing. By optimizing the sand-powder 3D printing parameters,
Xu et al. (2021) obtained the analogues with properties such
as strength that are closer to those of rocks. Therefore, this
technique has been applied in the present study to create
large specimens with prefabricated boreholes for bolts.

2.2 Specimen preparation

To install multiple bolts and connect the SRE, a large-scale
specimen is favorable, which is also one of the features of
3D printing. The dimensions of the four groups of speci-
mens used in this study were 100 mm X 100 mm X 200 mm
(width X thickness X height). They were 3D printed using
the BJT of the VX1000 3D system by Voxeljet (Perras
and Volger 2019), as shown in Fig. 2. The overall printing
process involved five core steps: (1) Establishing a three-
dimensional model of the specimens through SolidWorks
software; (2) Slicing and layering the model in the VX1000
3D system; (3) Mixing the GS19 sand powder of a specified
grain size (120 um) with acid (acidic activator); (4) Alter-
nating deposition of activated GS19 sand powder and furan
resin binding material, which was selectively deposited on
the build platform; and (5) Thermal curing of specimens in
a furnace at a constant temperature.

Arbitrary S3DP speggnens

(b) Schematic elements of BJT (after Gomez et al. 2019)

Fig.2 The sand-powder 3DP system

@ Springer



46 Page 4 of 18

H.Fengetal.

While 3DP has been widely used for creating rock ana-
logues, research on the mechanical properties of such ana-
logues is still in its preliminary stage. The basis and prem-
ise for creating 3DP rock analogues with designed internal
structure are, the similarity in mechanical behaviors between
rock samples (intact from borehole drilling) and intact 3DP
sample. Therefore, the specimens utilized in this study are
intact specimen without any designed internal structure.
Once the mechanical behaviors of sand powder 3DP rock
analogues are confirmed, analogues with designed internal
structures can be prepared based on CT scanning results.
The unique advantages of preparing rock analogues with

Through-
hole s

g

Wide strap
30mmgswi

(d) Digital image correlation setup

Fig.3 Preparation of specimens
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Table 1 Test design

Specimen ID  Classification SRE Dimensions of
SRE
W(mm)Xx L
(mm)

usS Unbolted specimen — -

S1-1 Scheme 1 Plate 15x15

S1-2

S2-1 Scheme 2 Narrow strap  15x 130

S2-2

S3-1 Scheme 3 Wide strap 30x130

S3-2

internal structures, boreholes for bolting can be prefabri-
cated during the printing process (Fig. 3a).

To investigate the reinforcement effect of the SRE,
proper simulation of the bolt and SRE in mechanical test-
ing is essential. Selected based on previous studies (Yang
et al. 2020), a steel bar (120 mm in length and 4 mm in
diameter) is used to simulate the rock bolt, and a thin steel
plate is used to simulate the SRE (Fig. 3b). As emphasized
by Kang (2015) and Dolinar (2004), the area of the SRE
is an important indicator to characterize the load transfer
and surface protection capacity of the SRE. The area can
not only characterize the structural properties of the SRE,
but also indirectly characterize the mechanical properties
by influencing the moment of inertia. It is a parameter that
can comprehensively represent the overall performance of
SRE. Therefore, four groups of specimens are designed and
prepared, three groups of specimens are bolted with different
SREs, and one group remains unbolted, as shown in Fig. 3¢
and Table 1. In each bolting specimen, two bolts are installed
with grouting perpendicular to the loading direction, and the
same amount of pre-tension force is applied to each speci-
men. Due to the microporosity of the sand-powder 3D print-
ing analogue, a layer of Vaseline should be painted on the
specimen surface before preparing the DIC speckle field to
avoid the penetration of surface paint. After the Vaseline is
dried, the black and white paint will be sprayed successively
to form a speckle field (Fig. 3d). Due to the well homoge-
neous nature of 3DP, the properties of the specimens are
consistent (Gell et al. 2019); therefore, only two specimens
for each bolting group are prepared.

2.3 Test system and program

The RLIW-2000 rock servo-controlled testing system
is applied to conduct the uniaxial compression test. The
compression load is applied in the perpendicular direc-
tion in a displacement control mode, and its loading rate is
0.6 mm/min. The AE signal during the compression tests is
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monitored with the Sensor Highway II system of PAC (Physi-
cal Acoustic Corporation), and its threshold is set to 45 dB.
To better monitor the deformation of the specimen during
the test, a high-speed camera is used to collect images of the
speckle field at a rate of one sheet per second, and the col-
lected speckle images are processed and analyzed by VIC-2D
software. The related system and device are shown in Fig. 4.

3 Experimental study on the reinforcement
effect of SREs

3.1 Theinfluence of SREs on the mechanical
behaviors of bolted rock

In Fig. 5a, the stress—strain curves of specimens under uniax-
ial compression are presented. The elastic—plastic mechani-
cal characteristics of the sand-powder 3DP specimens and
those of natural weak cemented sandstones are found to fall
within a similar range (Bertuzzi 2002). This similarity is evi-
dent through the presence of the typical four stages, namely
compaction, elastic, yielding, and post-peak stages, as well
as brittle failure in each case. All the specimens showed
notable compaction characteristics during initial loading,
and then the stress gradually reached the peak value as the
strain increased. In addition, the test data of sand-powder
3DP specimens in previous studies are similar to the results
obtained in this study (Vogler 2017; Perras 2019).

The calculated mechanical properties of the specimens
are listed in Fig. 5b and Table 2. It is evident that the rock
bolting has a substantial effect in increasing the overall
strength and rigidity of the bolted rock, thereby demonstrat-
ing the reinforcement effect. By installing the bolt and plate
(comparing the results between US and S1), the strength

and modulus of elasticity of the specimens increased by
1.07 MPa and 0.09 GPa with increasing rates of 10.1% and
25.1%, respectively. It can be seen in the comparisons of
S1, S2 and S3 that by replacing the plate with straps of dif-
ferent widths, the strength and modulus of elasticity fur-
ther increased significantly. Bolted with narrow and wide
straps, the strengths of the specimens reach up to 7.86 MPa
and 7.82 MPa, and the modulus of elasticity increases to
1.36 GPa and 1.50 GPa. The increasing rate compared to
Scheme 1 is 47.7% and 47.0% for strength and 40.1% and
54.3% for modulus of elasticity.

It can be concluded from the tests and analysis that
the application of SREs in rock bolting can significantly
increase the overall mechanical properties of bolted rock.
The modulus of elasticity of the specimens shows a positive
and dramatic correlation with the area of the SRE. As an
important parameter defining the deformability of materials,
the modulus of elasticity is directly related to the integrity
of the rock mass according to the rock mass classification
(Hoek et al. 2002). Therefore, the increase in the SRE area
greatly contributes to the integrity of the bolted rock mass
and thereby improves the deformation control and stability
of the rock mass in field practice. In terms of rock strength,
the change in results from S2 and S3 is negligible with the
increase in SRE area, which indicates that the strength of the
rock mass might not be linearly increased by simply increas-
ing the area of the SRE. However, proper design of the SRE
is still needed to ensure the rock mass strength.

3.2 The influence of SRE on the AE characteristics
of bolted rock

The AE data generated during the loading process are
associated with microcrack initiation, propagation, and
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Fig.5 Mechanical behaviors of specimens bolted with SREs

coalescence within the rock specimen. As mentioned in
Sect. 3.1, while the mechanical behavior of each specimen
is similar, there are still some specimens with discreteness

(scheme S1-2 has stronger ductility after the strength peak
than others). To make the subsequent analysis of AE and
DIC more representative, a group of schemes closest to their
respective mean values should be selected according to the
analysis results of elastic modulus and peak strength in the
stress—strain curve, to characterize their overall character-
istic. So, four specimens were picked out, US, S1-1, S2-2
and S3-2. In this section, the AE counts and AE energy are
used to analyze the progressive fracturing characteristics of
microcracks in the specimens. The stress—strain curves and
the corresponding changes in the AE counts and AE energy
against the loading time are shown in Figs. 6 and 7. The AE
count and AE energy of the specimen under uniaxial com-
pression exhibit a strong correlation with the stress—strain
curve, displaying a similar changing trend. During the initial
stage of loading, the internal microcracks within the speci-
mens are gradually undergo compaction and closure. The
AE counts and AE energy start to increase from the begin-
ning of the compaction stage and then decrease after enter-
ing the elastic stage. As the load continues to increase, the
specimens transition into the yielding stage, characterized
by the development and expansion of new cracks. The inter-
action between cracks is intensified, and the expansion of
cracks also shows a trend toward macroscopic crack aggre-
gation. Both the AE counts and AE energy show a dramatic
increase before the peak and continue as the crack continues
to extend until the final failure.

The AE characteristics of the 4 groups of specimens show
notable differences. The AE count and AE energy of the
unbolted specimen remain at a relatively low level, while
those of the bolted specimens are larger. For the unbolted
specimen, the AE signal is not active before reaching the
stress peak, and there is a long “quiet period”. For the bolted
specimens, high-frequency AE activities appear in the early
stage of loading. Compared with unbolted specimens, the
AE activities of bolted specimens is due to the slippage
between bolt, binder and rock in addition to the closure of
its own internal microcracks, which is consistent with the
results obtained by other scholars (Tian et al. 2021). How-
ever, although the AE activities of the bolted specimens are
greater than those of the unbolted specimen, the AE counts

Table 2 Mechanical parameters

. Speci-  Classification Peak strength Average peak Modulus of elas- Average modulus
of the specimen men (MPa) strength (MPa) ticity (GPa) of elasticity (GPa)
usS Unbolted specimen 4.25 4.25 0.88 0.88
S1-1 Scheme 1 5.60 5.32 0.91 0.97
S1-2 5.05 1.03
S2-1 Scheme 2 7.35 7.86 1.27 1.36
S2-2 8.38 1.39
S3-1 Scheme 3 7.33 7.82 1.46 1.50
S3-2 8.32 1.61
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Fig.8 Relationship between AE characteristics and SRE

and AE energy will decrease with increasing SRE area. The
AE count and energy are helpful to analyze the microcrack
development characteristics at each stage during the loading
process of the specimens, and their respective accumula-
tion is helpful to the overall damage analysis of the speci-
men during the whole failure process. To conduct a more
detailed analysis of the AE characteristics of the specimens,
the maximum accumulative AE count and accumulative AE
energy under different SREs are plotted in Fig. 8. The yel-
low color represents the accumulative count, while the cyan
color represents the accumulative energy in the post-peak
region. As can been seen, the SRE has a significant effect on
reducing the AE activity and improving the stability of the
bolted rock. Using of narrow straps (comparing the results
between S1 and S2), the maximum accumulative AE count
and accumulative AE energy of the specimens decreased
by 1.29 x 10° and 2.22 x 10° mV s with decreasing rates of
35.3% and 38.3%, respectively. It can be seen in the compar-
ison between S2 and S3 that by replacing the narrow straps
with wide straps, the maximum accumulative AE count and
accumulative AE energy further decreased by 1.56 x 10° and
2.97 x 10° mV s with decreasing rates of 66.6% and 83.1%,
respectively. In addition, the accumulative AE count and
energy of S3 in the post-peak region accounted for 21.7%
and 33.1% of the total, respectively, which was the lowest
among the four schemes. The use of wide straps will reduce
the AE activity of specimens after peak, which means that
the intensity of crack development and propagation at this
stage will also be reduced.

The results show that the AE count and AE energy of
bolted specimens are negatively correlated with SRE area; in
particular, AE energy is more sensitive to SREs. Compared
with the plate, the straps further constrain the deformation
by connecting the bolts and forming a system, which leads to
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areduction in the slip and displacement of the bolts, thereby
reducing the number of AE events. As an important param-
eter, AE energy reflects the intensity of the AE event and
then can reflect the degree of damage to the rock. Therefore,
the increase in the SRE area greatly contributes to the stable
release of elastic strain energy of the bolted rock mass and
thereby improves the stability of the rock mass.

3.3 Theinfluence of SRE on the deformation
and failure evolution characteristics of bolted
rock

3.3.1 Deformation evolution analysis

Digital image correlation (DIC) is a technical method used
to measure the surface strain and deformation of an object
by analyzing image-related points. It provides an intuitive
and effective means of identifying the initiation, expansion,
and evolution of fracture of the specimen. In this section, the
Lagrange principal strain field under uniaxial compression
is selected to quantitatively characterize the fracture evolu-
tion process of the specimen, as illustrated in Fig. 9. The
stress state corresponding to each figure is also indicated.
Due to the presence of the bolt and SREs, the strain field in
Fig. 9 is monitored in the side view of the specimens shown
in Fig. 3c.

For each test, as shown in Fig. 9, the principal strain dis-
tribution images of 4 characteristic points are selected to
investigate the plane strain evolution. The 4 characteristic
points are (1) The beginning of the yielding stage; (2) Mid-
dle of the yielding stage; (3) Peak point; and (4) Post-peak.
It can be seen from the plane strain evolution that with con-
tinuous compression, notable strain concentrations gradually
appear and develop until the final failure of the specimens.
In the case of the unbolted specimen, the initiation point of
crack is random and uncontrollable. However, for the bolted
specimens, the bolts near the load end experience the first
deformation under pressure during the uniaxial compression
process (top to load). This deformation can impact the stabil-
ity of the upper half of the specimens. At this time, the top
of the specimens is in a weak state, and the maximum strain
under the peak strain is often generated from this. Compar-
ing the DIC images of Point (1) of different specimens, strain
concentrations can be noticed in US and S1 when the stress
reaches 80.5% (3.42 MPa) and 78.9% (4.42 MPa) of the
peak. However, for S2 and S3, no notable strain concentra-
tions are observed when the stress of the specimens reaches
78.0% (6.12 MPa) and 82.3% (6.85 MPa) of the peak. As
the loading continues, the strain concentration of US and
S1 further developed in both intensity and extent. When the
stresses of S2 and S3 reach 92.3% (7.24 MPa) and 95.2%
(7.92 MPa), respectively, of the peak, noticeable stress con-
centration zones occurred. Significant strain concentrations
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can be found in all four cases when the peak stress arrives,
and the deformation persists until the final failure of speci-
mens, which is also accompanied by the coalescence of pri-
mary and secondary cracks.

It can be shown by comparison that strain concentrations
only occurred at a relatively higher stress level for specimens
bolted with straps. In other words, under the condition of
constant bolt spacing and length, the stress threshold for sur-
face deformation and crack imitation has been raised due to
the enhancement of SRE area. Such results indicate that the
deformation-resistance capacity of rock can be significantly
improved by increasing the surface protection of bolting,
which can also be derived from the increase in the modulus
of elasticity introduced in Sect. 3.1.

3.3.2 Failure pattern analysis

Figure 10 shows the final failure patterns of the specimens
bolted with different SRE designs (S1, S2 and S3), and
great differences can be noticed. It should be noted that both
unbolted and bolt-plate-bolted (S1) specimens completely
broke into several pieces after failure, and the S1 specimen
was taped back into its original shape to investigate the fail-
ure and crack propagation pattern, as shown in Fig. 10a.
The failure pattern is significantly affected by the
SRE. Three specimens bolted with SREs all experienced
shear—tensile failure. For S1, the specimen completely broke,
and dominate cracks occurred on both the bolted surface and
unbolted surface. Additionally, one dominant crack emerged
across the two bolting boreholes. By replacing the plate with
a 15 mm strap, the S2 specimen did not completely break,
which indicates an improvement in integrity. Two domi-
nant cracks emerged on both surfaces, and the crack on the
bolt surface occurred along the edge of the strap instead of
between the boreholes. As the area of the SRE increases, the
integrity of the S3 specimen further improves. A dominant
crack only emerged on the unbolted surface, and no notable
crack could be found in the bolted surface. By comparison,
the increase in surface protection capacity provides extra

b

Scheme 1 Scheme 2 Scheme 3

! 1 Unbolted
I naramnsa 1 surface (DIC)

Fig. 10 Failure pattern of the bolted specimen
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restraint to the bolt surface and thereby improves the bolting
effect and specimen integrity.

It should be noted that the failure patterns of specimens
may be influenced by the printing process and parame-
ters, i.e., the cohesion and distance between sand-powder
particles.

4 Numerical analysis of the reinforcement
effect of SRE

4.1 Model description

Although the reinforcement effect of SRE on the bolted
rock was analyzed with experimental analysis, the under-
lying working mechanism remains to be further analyzed.
For numerical simulation of roadway and other mine-wide
scales, FLAC3D is a widely applied FDM method due to its
high efficiency. In terms of the research content of this paper,
the built-in structural element of FLAC3D is fully capable
of simulating the mechanical behaviors of rock mass, sup-
port elements and their interactions, which is widely adopted
by many scholars (Li 2018; Kang 2007). Figure 10 shows

Fig. 11 FLAC3D roadway
model and numerical simulation
of support design

40 m

the sectional view of a roadway FLAC3D model, which is
built with a fine grid. In order to clearly reflect the stress
field generated by the bolt, initial conditions are not applied
to the model to analyze the influence of SRE on the stress
distribution caused by the prestressed bolt. The bottom and
perimeter of the model use fixed boundaries. The model
boundaries are far enough away to eliminate their influ-
ence on the behavior of the modeled roadway. The entire
domain of the model is coal with the following mechanical
properties: density 1400 kg/m®, Young’s modulus 1.1 GPa,
Poisson’s ratio 0.32, internal friction angle 28°, cohesion
0.9 MPa, and tensile strength 0.12 MPa, which are esti-
mated from the intact coal properties using the generalized
Hoek—Brown failure criterion (Hoek 2002). The two sup-
port designs, namely, Design-A and Design-B, are simulated
after the opening is created, and the only difference is the
application of SREs, as shown in Fig. 11. The support simu-
lation is achieved by utilizing the structural elements of the
cable and beam in FLAC3D, and the relevant parameters of
the elements are shown in Table 3. The stress distributions
for the different supports are investigated after the model
reaches equilibrium.

Design-B

Table 3 Parameters of supports in Design-A and B

Item Bolt length (mm) Grout length (mm) Diameter (mm) Tensile strength (kN) Pre-tension (kN)
Rebar bolt 2400 1200 20 225 60

Width (mm) Thickness (mm) Poisson Modulus of elasticity (GPa) Moment of inertia (mm®*)
Steel strap 280 3 0.3 210 540
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Design-B

Fig. 12 Support stress distributions for with respect to the different support designs

Fig. 13 Support stress distribu-
tions with respect to different
support designs

Design-A

4.2 Simulation results

Since no additional stress field is applied to the roadway, the
stress distribution within the roadway model is induced by
rock support. In both cases, the same pre-tension of bolt was
applied for both designs, and the area of stress in the roof
and ribs was similar. However, the different degree of stress
concentration may be one of the reasons for the difference
in roadway stability in the real field. In Design-A (without
SREs), the support stress is concentrated in the range of
0.5 m each on the ribs and the roof, and the stress concen-
tration areas of each bolt are not connected to each other. In
Design-B (with SREs), the support stress concentration of
the ribs and the roof is further deepened, and the range is
increased from 0.5 to 1.3 m. The stress concentration areas
of the bolts are connected to each other to form an effective
compressive stress zone, and the interaction zone can be
clearly observed with a range of about 1.0 m.

In order to further study the stress distribution caused by
the SRE, according to Fig. 12, the FISH code was used to
identify the zone with principal stress greater than 20 kPa,

e

Design-B

Table 4 Distribution of the effective compressive stress zones with
respect to different support designs

Support design ~ Number of  Number of SZin Number of SZ in
SZ in total  the ribs (bule) the roof (orange)

Design-A 1000 600 400

Design-B 3560 2000 1560

and divided it into effective compressive stress zone (SZ).
The results are shown in Fig. 13 and Table 4. It can be eas-
ily observed that the distribution of SZs varies significantly
among the support designs. Compared to Design-A, the
SZs of Design-B is further extended, the SZs of the roof
are 1560, and the SZs of the ribs are 2000, which are 2.3
times and 2.9 times of Design-A respectively. In addition,
the interaction zone can also be observed.

According to the aforementioned analysis, Design-B gen-
erates a larger SZ area and a more uniform stress distribu-
tion than Design-A, while also having a more significant
interaction zone. In the rock bolt support, the distributed
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stress caused by the pre-tension of bolt is a critical param-
eter, and SRE is closely related to this distributed stress.
Firstly, the use of SRE contributes to the distribution of the
bolt pre-tension within the surrounding rocks. This results
in a significant expansion of the effective compressive stress
zone along the length of the SRE. As a result, an artificial
pressure arch is formed, and the overlapping area of these
zones, the interaction zone, further reduces the potential for
deformation of surrounding rock between bolts. According
to the pressure arch theory (Li 2017), the interaction zone
(¢) of bolt is an important factor affecting the supporting
effect, which is determined by the reinforcement angle (a),
bolt spacing (s) and length (L), as illustrated in Fig. 14a. In
this model, the reinforcement angle is generally considered
to be 45°, and the effect of SRE is not taken into account,
thus t=L, — a. But the above numerical simulation results
show that SRE significantly increases the range of the inter-
action zone, so a modified model is established, as shown
in the Fig. 14b. In the modified model, we assume that the
reinforcement angle o' = ak, where k is related to the area,
stiffness and structure of the SRE, and its empirical value
ranges from 1.0 to 1.5. This value range is based on the
enhancement amplitude of SRE on the mechanical proper-
ties of bolted body in the Sect. 3, and is comprehensively
considered in combination with the research results of other
scholars (Kang 2007). According to the geometric relation-
ship, the interaction zone t'=L, — s/tan a'. The thickness
of the interaction zone (¢') and the reinforcement angle (a')
increase due to the addition of additional SREs while keep-
ing the identical bolt length (L) and spacing (s).

In addition, SRE spreads higher distributed stress from
the rock surface to the depth of the rock, thereby improving

L,

~

- i =

t Pre-tension of bolt t

(@)

Fig. 14 Reinforcement interaction between bolts with straps
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the active support effect of the bolt. Noted that from the
perspective of active support, SRE is an auxiliary element
rather than a force-applying element, and its effect on stress
spread is affected by the magnitude of the pre-tension force
of the bolt. But it is undeniable that SRE is an important
bridge for the mechanical transmission between the bolt and
the surrounding rock, which determines whether the bolt can
fully exert its intended function. Therefore, optimizing the
design and implementation of bolts and SREs can effectively
enhance ground stability.

5 Field application

It is of great significance to apply the laboratory test results
to field practice for validation and further development of
the obtained results. Therefore, a field practice study of road-
way support design was conducted in Mataihao Mine, an
underground coal mine in Inner Mongolia, China. Currently,
the nearly horizontal seam being mined is 6.1 m in thick-
ness at a depth of approximately 420 m. The case study was
conducted in the tailentry of Panel 3105, an entry that was
developed along the goaf of Panel 3103 with a 6-m-wide
yield pillar, as shown in Fig. 15. Geological information
(lithology, thickness, etc.) on the roof and floor strata was
investigated by core logging. As the tailentry is driven in
the middle of the coal seam, the immediate roof and floor
is approximate 1-m-thick coal, and the main roof and floor
of the target entry are composed of fine sand mudstone and
sandy mudstone, respectively.

In order to characterize the strengthening of the overall
physical properties of the bolted rock with strap rather

“Rock ™\
l (lcfm'matimfl

t Pre-tension of bolt t

(b)
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Fig. 15 Reinforcement interac-
tion between bolts with straps
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Tailentry of Panel 3105 6m coal pillar

Planned Panel 3105

than the local displacement restriction, the segments were
selected in locations where the surrounding rock are gen-
erally consistent to minimize the influence of geological
heterogeneity. The measurement station was set between
the straps. Two 30-m-long segments of the entry were
selected to employ different support designs after excava-
tion. Figures 16 and 17 shows the support designs of Seg-
ment A and B, the supporting system consists of pre-ten-
sioned rebar and cable bolts and SREs. All rebar and cable
bolts are partially grouted with resin cartridges, rebar bolts
are used in both the roof and the ribs in a grid pattern of
1000 mm X 1000 mm, and cable bolts are installed in the
roof with a spacing of 2000 mm between bolts and a spac-
ing of 1000 mm between rows. For the support designs
in Segment A and B, the application of rebar bolts, cable
bolts and wire mesh are identical, the only difference is,
cable traps with 4000 mm in length, 330 mm in width
and 6 mm in thickness are installed on the roof, and cable
traps with 3000 mm in length, 330 mm in width and 6 mm
in thickness are installed on the two ribs. The purpose
of designing such two support schemes is to practically
investigate the effect on ground control with enhancing
SREs.

Deformation monitoring was performed in each seg-
ment, and the collected data are shown in Fig. 17. As seen
from the deformation data about 30 days of monitoring, the
ground deformations vary with the support designs. At the
end of the deformation monitoring program, the vertical
roof-to-floor convergences of Segment A and B are 134.
4 mm and 95.0 mm, respectively, and the horizontal rib-
to-rib convergences are 106.2 mm and 78.7 mm, respec-
tively. By contrast, the support design in Segment B shows
notable deformation-controlling effect in both vertical and
horizontal direction with a decrease of 21.0% and 17.2%,
which is contributed to the application of cable straps,
which has been summarized as the reinforcement effect
of SREs, as investigated with laboratory tests in Sect. 3
and analyzed in Sect. 4. It can be seen from the monitor-
ing data, the behaviors and differences among the different

support designs have a certain degree of comparability. In
the design of adding SRE, the deformation of the roof and
rib decreased by 30-40 mm, which is in the same order of
magnitude as that which can be reduced by other optimiza-
tion designs considering bolt parameters. The above results
provide a more reliable qualitative reference for the design
of support system with SRE (Fig. 18).

6 Discussion
6.1 The methodology of sand-powder 3D printing

In this study, sand-powder 3DP is employed to create
large-scale specimens. The test results from the same spec-
imen group are relatively consistent due to the homogene-
ous nature of 3DP. Additionally, the mechanical behav-
iors, fracture propagations (AE and DIC data) and failure
patterns of 3DP specimens are similar and representative
of natural soft rocks; hence, the feasibility of using sand-
powder 3DP in the field of rock mechanics is validated.

As known, one of the greatest challenges in the field
of rock mechanics and engineering is the existence of
discontinuities (faults, fractures, cracks etc.). Due to the
presence of the discontinuities, the mechanical properties
of the rock mass will greatly degrade, and the propagation
and development of discontinuities will eventually lead to
rock failure (Cao et al. 2016; Fan et al. 2021). The rock
mechanics experimental research can be classified into two
categories by means of the nature of the specimens: origi-
nal rocks and rock-like analogs.

Commonly, jointed rock specimens would surely be
more representative of the in-situ rock mass (Huang et al.
2020; Song et al. 2021), however, the shortcoming of this
method lies on the difficulties in two aspects. Firstly, the
current joint-creating techniques (waterjet, diamond saw
etc.) have structural impact and damage on the rock speci-
mens and generally only applicable to hard rock with high
strength (Jiang and Zhao 2015). Secondly, the produced
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Fig. 16 Support designs of the two experimental segments

@ Springer



Effect of surface retaining elements on rock stability: laboratory investigation with sand...

Page150f 18 46

Fig. 17 Support designs of the
two experimental segments

(a) Segment A

joint structures (the number, shape and other geometric
parameters) are limited with such techniques.

To investigate the mechanical behaviors of jointed soft
rock, numerous attempts have been made with rock-like
materials. It is well accepted that the rock-like specimens
are helpful to reduce the effect of rock heterogeneity on
the test results (Haeri et al. 2015; Fedrizzi et al. 2018).
However, either natural rocks or analogues made by fill-
ing-molds methods share a common limitation, that is,
the creation internal and complex-geometry defects in the
specimens. It is obvious that using wire saw, water jet or
filling moulds is only able to create external and simple-
geometry defect.

The developing 3D Printing technology is capable of
replicating the internal defect structure of rock masses (Ju
et al. 2014; Suzuki et al. 2017), something which is not
possible using any previous technique for making artifi-
cial rock specimens. And this technology can create mul-
tiple identical samples so that tests can be repeated and
hence more reliable conclusions drawn (Squelch 2018;
Sharafisafa et al. 2018; Gell et al. 2019), which making it
an inspiring method for rock mechanics testing. Therefore,

150
—=— Segment-A
—e— Segment-B

100 4

Deformation (mm)

504

Cable strap

Cable strap

(b) Segment B

it is essential to first validate the feasibility of using 3DP
to simulate certain kind of specimen. In terms of this pre-
sented study, the application of the sand-power 3DP in cre-
ating rock-like bolted specimen is validated, which provide
important basis for further research on the behaviors of
jointed (even with fracture network) specimen and its bolt-
ing effect.

6.2 Reinforcement effect and application of SREs

In rock support practice, it’s quite common to install extra
rebar / cable bolts or use longer and strong bolts to improve
the rock stability. However, this will definitely increase the
economic and time cost of rock support, which needs to
take the cost of drilling, labor and delay in entry develop-
ment into account. The laboratory test, numerical simulation
and field application results indicate that, the SREs are not
only an auxiliary element, but rather an important part to
effectively improve the stability of bolted rocks. Without
increasing the number of bolts and other additional costs
and labor conditions, adding SRE can still achieve a good
supporting effect.

150 4
—=— Segment-A
—e— Segment-B

100 4

Deformation (mm)

50

0 T T T T T T
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Monitoring duration

(a) Roof-to-floor convergence

Fig. 18 Deformation monitoring of the two segments
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Due to the difficulty in conducting triaxial compressive
test, shear test or Brazilian test on bolted specimens due to
the testing mechanism (Zhu et al. 2018; Xu et al. 2019), the
uniaxial compression strength is obtained to evaluating the
strength-enhancing effect due to rock bolting. The results
from Sects. 3 and 4 clearly suggest that the area of the SRE
(i.e., the surface protection capacity) can effectively improve
the mechanical responses and integrity of bolted rock. It
is well accepted that proper support designs with pre-ten-
sioned bolts and SREs can improve the stress state of rock
masses and control their deformation and failure (Kang et al.
2017). By enlarging the area of SREs, the exposure of the
rock surface and the rock falling potential are consequently
decreased. More importantly, the load transfer between the
rock and the support is enhanced, which includes the distri-
bution of the bolt pre-tension force to the rock and the load
and deformation of rock to the support elements.

The contribution of the presented results to ground con-
trol field practice is that the ground stability can be improved
not only by simply increasing the parameters of the bolts
(number, length, pretension, etc.) but also by conducting
a comprehensive analysis to find the optimal and cost-effi-
cient support design with the consideration of SREs. A good
support design must be coordinated with all elements. The
compatibility of these elements with each other determines
the overall effectiveness and capacity of the overall ground
support scheme (Thomposon and Villaescusa 2014).

7 Conclusions

This study discusses the reinforcement effect of surface-
retaining elements with sand-powder 3D-printed rock ana-
logues. The mechanical behaviors, micro/macrocrack and
deformation evolutions, and failure patterns of specimens
under uniaxial compression are investigated with AE and
DIC monitoring. The reinforcement effect of SREs on road-
way surrounding rock is further analyzed with numerical
modelling and field test. According to the experimental and
numerical results, the following conclusions can be drawn:

(1) The application of SREs in rock bolting can signifi-
cantly increase the overall mechanical properties of
bolted rock, and the properties have a positive and dra-
matic correlation with the SRE area. When only the
SRE area is changed, the strength of the bolted speci-
mens with SRE was increased by 25.1%, 84.9%, and
84.0%, and the modulus of elasticity was increased by
10.2%, 54.5%, and 70.4%, respectively, compared with
the unbolted specimen.

(2) The AE count and AE energy of the bolted specimen
are significantly higher than those of the unbolted
specimen, but they will decrease with increasing SRE

@ Springer

area (close to the AE level of the unbolted specimen).
A comparison of AE data indicates that the increase
in SRE area greatly contributes to the stable release
of elastic strain energy of the bolted rock mass and
thereby improves the stability of the rock mass.

(3) By analyzing the DIC data, it is found that the stress
threshold for surface deformation and crack imita-
tion has been raised due to the enhancement of SRE
area. Crack initiation only starts at a relatively higher
stress level for specimens bolted with straps. As the
SRE area increases, the integrity of the specimen fur-
ther improves. A dominant crack only emerged on the
unbolted surface, and no notable crack could be found
in the bolted surface.

(4) The stress distribution caused by the bolt pre-tension
is significantly improved after utilizing SRE, and the
higher distributed stress spreads from the rock surface
to the depth of the rock. The effective interaction zones
are significantly enlarged, resulting in the enhancing of
surrounding rock integrity and stability.

(5) By analyzing the monitoring data of the field practice,
it is found that the deformation of the roof and ribs has
been notably reduced by the application of cable strap,
which has been summarized as the reinforcement effect
of SREs. Behavior and differences between different
support designs (with or without SRE) have a certain
degree of comparability; hence, the test results have
been validated and applied in field practice of rock sup-
port design.

With this comprehensive analysis of the mechanical,
fracture, deformation and failure characteristics of bolted
specimens, as well as the simulation and validation of the
reinforcement effect of SRE in the roadway, the results of
the presented research provide a deeper understanding of
the importance of SREs in rock bolting and contribute to
rock bolting design. In addition, these results also serve to
validate the methodology of sand-powder 3D printing for
soft rock analogues and provide insights for experimental
research on rock mechanics.
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