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Abstract: The shear behavior of the Bolt-Grout interface has a significant effect on the stability of a
bolting system. In this paper, a series of shear tests were conducted on Bolt-Grout interfaces, and the
effects of rib spacing, rib angles, and normal stress on the shear characteristics and failure modes
of the Bolt-Grout interface were investigated. The results showed that the shear strength varied
nonlinearly with an increase in rib spacing and angle, and also that it increased linearly with an
increase in normal stress. With smaller rib spacings, the effect of rib spacing on peak shear strength
was more apparent. The failure modes of the interface can be categorized as shear-slip failure, shear-
break failure, and composite failure. The proportion of shear-slip failure and shear-break failure
mainly depends on the rib spacing, rib face angle and normal stress.

Keywords: Bolt-Grout interface; direct shear; mechanical properties; rib angle; rib spacing

1. Introduction

Rock bolting is an important means of improving the mechanical properties of a
rock mass, and fully grouted bolts, which have the advantages of good support effects
and low support costs, are widely used in the field of civil, tunnels and mines, as well
as other elements of rock engineering [1-4]. The fully grouted bolting system is made of
surrounding rock, grout, bolt, Bolt-Grout and grout-rock interfaces. The bolting effect of
fully grouted bolts are mainly influenced by the type of bolt [5,6], the grout material [7],
the type of surrounding rock [8,9], and the interaction at the Bolt-Grout interface [10,11].
Extensive pullout experiments show that the Bolt-Grout interface is the weakest component,
and its failure is one of the main forms of failure of the bolting system [10-12], as seen in
Figure 1. The Bolt-Grout interface is an important part of the load transfer of the bolting
system, and its shear strength is primarily determined by the bonding force, frictional force,
and mechanical interlock force between the interfaces [13]. In addition to the surrounding
pressure, the frictional force and mechanical interlock force are influenced by the bolt
profile [2,11,13,14]. Therefore, studying the shear characteristics of the Bolt-Grout interface
is essential to improving the support impact of rock bolting systems [15].

Appl. Sci. 2024, 14, 1770. https:/ /doi.org/10.3390/app14051770

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app14051770
https://doi.org/10.3390/app14051770
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-4020-5989
https://orcid.org/0000-0001-9098-9999
https://doi.org/10.3390/app14051770
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app14051770?type=check_update&version=1

Appl. Sci. 2024, 14, 1770

2 of 20

Figure 1. Interface failure of Bolt-Grout in pull-out test [3].

Many scholars have conducted a great deal of research on the failure process of the
Bolt-Grout interface. Numerous techniques are used in this research, such as laboratory
testing, theoretical analysis and numerical simulations [16-21]. The pull-out test is a
common approach to investigating bolt systems that is frequently employed to investigate
shear mechanical characteristics. It was found that the mechanical properties of the Bolt-
Grout interface were influenced by many factors, including the anchorage agent, confining
pressure, and the bolt profile [22-25]. According to Yokota et al. [1,26], the anchorage agent
material significantly affects the bolting effect of the rock bolting system. By appropriately
adjusting the anchorage agent material and optimizing the material ratio, it is possible to
improve the Bolt-Grout interaction and raise the bolting system’s bearing capacity. Through
tests, Moosavi et al. [27] discovered that the higher the confining pressure, the higher the
bonding capacity and the lower the dilation. According to Hanson et al. [28], increasing
the bolt’s surface roughness coefficient can improve the Bolt-Grout interface’s mechanical
interlock force and frictional force, enhancing the interface’s shear strength and serving
the intended objective of enhancing the bolting effect. Cao et al. [13] discovered a strong
correlation between the bolt profile and the mechanical behaviors of the interface. Tao
et al. [22] conducted experiments on rebar bolts with five different rib spacings, finding
that the bolting force increased with rib spacing and reached a maximum of 48 mm rib
spacing. According to Hyett et al. [24], the peak stress and displacements of the bolts
are directly related to the rib spacing and rib height. Oreste, P et al. [29] concluded that
the interaction between the anchor and the rock can be influenced by changing the main
geometric parameters of the bolt. The profile parameter that matters most for rebar bolts
that are subjected to axial loads during load transmission is the rib spacing [22].

While the pull-out test has been used extensively in bolting system studies, it does
have several disadvantages. Firstly, the rock bolting system is a classical composite system;
the bolt is wrapped in the rock, and the pull-out test reflects the comprehensive effect
of the support system, which makes it difficult to assess the mechanical properties and
failure characteristics of the Bolt-Grout interface [16,30,31]. Secondly, the shear stress along
the axial direction of the bolt in the pull-out test is exponentially distributed rather than
uniformly distributed. Consequently, the results obtained may exhibit significant errors
compared to the actual situation. To overcome these shortcomings, direct shear tests have
been employed to study the mechanical characteristics of the Bolt-Grout interface. Wang
et al. [32] conducted shear tests containing two realistic molt profiles and found that bolt
B2 with larger rib angles performed better in shear at low initial normal stresses, while bolt
B1 with larger rib spacing performed better in shear at high initial normal stresses. Yokota
et al. [1,33] evaluated the effects of confining stress, bonding material strength, rib angle,
and ribs on the interface’s shear behavior. Zhang et al. [15] investigated the effects of bar
spacing, bar height and grout proportion, and the results showed a significant correlation
between the interface’s peak shear strength and deformability, as well as the grout mixture
and bolt profile.

Previous studies have concentrated on examining the impact of individual factors on
the effectiveness of bolting systems. In addition, the rib spacing and angle in the surface
profile of the bolt have greater influences on the interface, but the shear mechanical proper-
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ties and failure mechanism regarding the Bolt-Grout interface under the influence of bolt
surface morphology necessitate further investigation [34]. Based on these considerations,
this study has systematically conducted shear tests on Bolt-Grout specimens with varying
rib spacings and angles. The above research is of great significance in enhancing the bolting
effect to increase the stability and safety of the bolting project.

2. Shear Test
2.1. Specimen Preparation

The specimen of the Bolt-Grout interface consisted of a steel part and a grout part.
Referring to Zhang et al. [15,35,36], the simplified 2D surface profile of the steel plate was
used to simulate the bolt rod. The concept and process to make a flat specimen of the
grout-rock interface is shown in Figure 2. The lateral boundary conditions of the unfolded
surface have been simplified by the bolt’s real force to create a two-dimensional shear
model, as seen in Figure 2b.

Rock bolt Grout
— Normal stress
Rock bolt \ Expand to flat
E Uniform stress ’ % A
» P Shear stress Shear dilation

8.85

Rock bolt

Rock bolt
Grout ” ) () () () () () ()

Ground g

(@) (b)

Figure 2. The shear model of Bolt-Grout interface [34]. (a) Schematic diagram of the Bolt-Grout
system (unit: mm) [32]. (b) Two-dimensional shear modeling of the Bolt-Grout interface.

It is especially important to choose the anchor material reasonably in the indoor test. In
this paper, the steel used for the preparation of rebar bolts was selected as the bolt unfolding
specimen, featuring a specimen size of L x W x H =200 mm X 100 mm x 50 mm. The
main geometrical parameters of the bolt surface profile are the bolt rib spacing L, the rib
height h, the rib width 4, the rib angle 8, and the angle of thread rise «, shown in Figure 3.
In this paper, the rib spacing and angle were selected as the main variables of the test to be
investigated, and the rib height & and transverse rib width a of each steel plate specimen
were 1.2 mm and 1.9 mm, respectively.

b

a

S0mm

a

1

0

200mm

(a) Rib parameters (b) Simplified model

Figure 3. (a) Rib parameters. (b) Simplified model. Parameters of rebar rib and simplified model
(The red box in (b) are ribs).

Referring to the study of Wang et al. [32], high-strength gypsum sourced from Kuraray
Noritake Dental was used to make the grout part. The specimen preparation process was
as follows:

In the preparation of the gypsum specimens, the steel mold was placed in a mold the
sizeof L X W x H=200mm x 100 mm x 100 mm. The mold was brushed with mineral oil;
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then gypsum and water were mixed according to the mass ratio of 2:1, and stirred well with
a mixer; the stirred gypsum slurry was poured into the mold and put on the shocking table
for 1 min to exclude the air bubbles. Finally, the excess gypsum slurry was scraped with a
scraper to keep the surface of the specimen flat. The plaster reached a certain strength after
30 min of resting, the mold was removed, and the specimen was taken out and cured in
the air environment for 7 d to get the molt-grout specimen. Specific process is shown in
Figure 4. The physico-mechanical parameters of gypsum are shown in Table 1.

‘ Solidification

Weigh Mixture Placement -

Specimen
Figure 4. Flow chart of preparation of mortar specimens.
Table 1. Physico-mechanical properties of plaster.
Physico-Mechanical Properties Index Unit Value
Density o kg/m? 2.066
Compressive strength O MPa 38.5
Modulus of elasticity E. MPa 28,700
Poisson’s ratio v - 0.23
Tensile strength o MPa 2.5
Cohesion c MPa 53
Internal friction angle @ ° 60

2.2. Test Apparatus

Bolt-Grout interfaces were tested in shear using a CNC-type shear test set-up [37,38],
which is shown in Figure 5. The apparatus consisted of a loading system, data acquisition
and a controlling system. Throughout the test, the top shear box could move in a normal
direction but not the shear direction, while the lower box could only move in the shear
direction. Controlling the servo-controlled hydraulic pump and the hydraulic cylinders
applied the maximum of both the normal and shear forces at 200 kN. Two LVDTs were
positioned parallel to the lower shear box’s surface to measure the displacement brought on
by the shear forces, and four LVDTs were positioned on top of the shear box to measure the
normal displacement. The precision of the LVDTs was 0.001 mm, with a range of 0-20 mm.

2.3. Test Scheme and Process

This paper has chosen five different rib spacings and five different rib angles based on
the surface profiles of bolts that are frequently used in field engineering applications. Shear
tests were performed on the specimens, and the effects of the rib spacings and rib angles
on the shear characteristics of the Bolt-Grout interface were investigated. Figures 6 and 7
depict the several steel molds with varying rib angles and spacing.

The initial radial pressure at the interface occurred due to the annular disturbance
stress and grouting pressure during installation of the bolt, and the magnitude of the initial
radial pressure on the bolt varied due to the different types of rock mass and different stress
conditions. The studies of Hyett and Aziz et al. [24,39] have shown that the initial radial
stress because of engineering disturbances and stress redistribution after the completion of
anchor installation is usually less than 10 MPa; thus, five different normal stresses were
chosen in this research.
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(b) Schematic diagram of testing machine
Figure 5. CNC shear testing machine.
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(a)d=12mm (b) d =20 mm () d=28 mm (d) d =36 mm (e) d =44 mm

Figure 6. Steel molds with different rib spacings.

(a) 0=15° (b) 6 =30° (c) 0=45° (d) 6=60° (e) 0=75°
Figure 7. Steel molds with different rib angles.

Before the test, the engaged gypsum specimen and steel mold were put in the shear box,
with the gypsum specimen on top and the steel plate specimen on the bottom. Subsequently,
the normal stress was applied at a rate of 0.5 MPa/min using the load control mode until a
constant value was reached, which was then maintained throughout the test. After that,
a shear stress was applied, and the displacement control was used with a loading rate of
0.5 mm/min. The detailed test scheme is shown in Table 2.

Table 2. Bolt-Grout shear test scheme.

Group Rib Spacing (mm) Rib Angle (°) Normal Stress (MPa)
12 0.5
20 1
1 28 60 2
36 4
44 6
15 0.5
30 1
2 28 45 2
60 4
75 6

3. Test Results

Choosing reasonable rib spacing and angles can enhance the bolting effect, which in
turn ensures the stability and safety of the rock engineering. In this section, rib spacing
and angles are taken as the main parameters to illustrate the variation characteristics of
shear dilation and shear stress-shear displacement curves in order to study the mechanical
characteristics and failure modes in regard to different rib spacing and angles.
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3.1. Shear Stress-Shear Displacement Curves

The shear stress-shear displacement curves of interfaces for five rib spacings under
various normal stresses are displayed in Figure 8a—e. From these figures, the curves for each
of the five groups, with varying rib spacings, clearly show a typical trend of peak-shaped
curves. These curves can be classified into six stages, as shown in Figure 8f.

5
4
<
: -
= FE
5 (=
2 Z
=
7] w2
1
0+ T T T T 1 0+ T T T T
0 1 2 3 4 5 0 1 2 3 4 5
Shear displacement/mm Shear displacement/mm
(a) o0n=0.5 MPa (b) 0n=1MPa
7 8
— 12mm
61 — 20mm 7
g — £°
2 — e s
g 2
= 54
[72] w
St =
)
1
04 r r r . 0+ T T T T
0 1 2 3 4 5 0 1 2 3 4 5
Shear displacement/mm Shear displacement/mm
(¢) on=2MPa (d) 0n =4 MPa
< —
A <
= — =
Z — %
2 b
g & .
— 7] |
£ 5 ||ie ¢
n = 1! [
@ i
04 . ; . . i i
0 1 2 3 4 5 0 ‘
Shear displacement/mm Shear displacement/mm
(e) on=6 MPa (f) Schematic diagram of shear stress-displacement curve

Figure 8. Bolt-Grout interface, shear stress-displacement curves with different rib spacing (Points o,
a, b, ¢, d and e in subfigure (f) are the initial point, the deformation critical point, the first peak point,
the minimum point, the second peak point and the stable point respectively).
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The first stage is the pre-peak elastic deformation stage (0—a). The shear stress increases
linearly and quickly, reaching roughly 80-90% of the peak strength. This stage exhibits an
approximately linear mechanical behavior, and the shear stiffness is large.

The second stage is the pre-peak nonlinear deformation stage (a-b). During this stage,
the shear stiffness gradually drops and the shear stress reaches its peak. The microcracks
at the interface sprout and expand rapidly, penetrating along the entire shear surface.
The interface begins to produce irreversible plastic deformations. Under the continuous
action of the shear force, the interfacial gypsum bumps continuously wear out, resulting in
weakened interfacial engagement and reduced interfacial shear stiffness.

The third stage is the stress drop stage (b—c). The shear stress drops sharply, showing
typical brittle damage characteristics, and the sharp drop in stress is sometimes accompa-
nied by a low sound of specimen fracturing. In this stage, due to the shear stress exceeding
its shear strength, resulting in crushing or shearing of the gypsum between the ribs, the
interface failure will produce a slight slip behavior within a short period of time.

The fourth stage is the shear stress rebound stage (c—d). The shear stress rebound is
followed by up-and-down fluctuations in the phenomenon, and the curve is jagged. This is
because the original Bolt-Grout interface failure, with the shear displacement, continues
to advance, and the upper and lower two specimens produce a new interface. The new
boundary at the re-contact once again features interactions, so the shear stress begins to
increase, coupled with the generation of new cracks. Changes in crack distribution and
the lubricating effect of the debris caused the shear stress curve to fluctuate irregularly in a
saw-tooth shape.

The fifth stage is the strain softening stage (d—e). This stage of the interface still has
a certain bearing capacity. This capacity aids in the increase in shear displacement and
gradual reduction, demonstrating the clear strain softening phenomenon.

The sixth stage is the residual friction stage (e-). The curve tends to flatten out, and the
shear stress tends to the residual strength.

Figure 9a—e shows the shear stress-displacement curves of interfaces under different
normal stresses with five different rib angles. Two types of curves were observed. The first
type, which is the peak-type, shows that the overall trend of the curve for the Bolt-Grout
interface is relatively unaffected by the rib angle when it exceeds 15°. In this case, the rib
angle has minimal bearing on the curve’s general behavior, and the curve’s overall change
rule essentially remains constant under varying normal stresses, which is in line with the
typical trend of the peak curve. The second type is one with no peak where, at a rib angle
of 15°, the shear stress-displacement curve and the other rib angle exhibit a different shear
stress-displacement curve trend with no discernible peak. The first peak-type curve has a
similar trend to the shear stress-displacement curve, with different rib spacing.

As shown in Figure 91, the non-peak-type curves can be analyzed in two distinct stages:

The first stage is the elastic deformation stage (0-a), which is similar to the first stage
of the peak-type curve. This stage is characterized by a sharp and significant rise in a
short amount of time as the shear stress grows quickly and practically linearly. The me-
chanical behavior is nearly elastic, and the shearing does not cause irreversible changes in
the interface.

The second stage is the residual friction stage (a-). Similar to the sixth stage of the
peak-type curve, the shear stress fluctuates slightly, basically unchanged, and there is no
obvious shear stress drop phenomenon, the change tends to flatten out, and enter into the
residual stage.

From the test results, the shear stress-shear displacement curves conform to the peak-
type, except for the rib angle of 15°. The main reason for this phenomenon is that there
is a rib angle of 15°, and the height of the rib is low, so there is a higher probability of
interface slipping with increasing shear displacement. The grout surface does not easily
produce brittle failure, so the shear stress will not fall sharply, and therefore the curve has
no obvious peak shear stress.
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Figure 9. Bolt-Grout interface, shear stress-displacement curves with different rib angles (Points o, a,
b, ¢, d and e in subfigure (f) are the initial point, the deformation critical point, the first peak point,
the minimum point, the second peak point and the stable point respectively).

3.2. Shear Strength Characteristics

When the failure occurs in the Bolt-Grout interface, the interface strength is the strength
of the rock bolting system. Therefore, studying the properties of the interface shear strength

is essential.
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3.2.1. Effect of Rib Spacing on Shear Strength

Figure 10 illustrates the variation of peak strength with rib spacing under different
normal stresses. The change rule of peak strength is the same, i.e, the increase in rib
spacing shows the change trend of decreasing and then increasing. Meanwhile, the smaller
the rib spacing, the more obvious the change. For example, when the normal stress was
0.5 MPa, the shear strength decreased by 1.33 MPa and 0.15 MPa when the rib spacing was
increased from 12 mm to 20 mm and 28 mm to 36 mm, respectively. The figure also shows
that, under all typical stress conditions, the shear strength at 44 mm rib spacing surpasses
36 mm, which is due to the change in the failure mode.
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Figure 10. Effect of rib spacing on peak shear strength.

Figure 11 illustrates the variation of residual strength with rib spacing under different
normal stresses. As the rib spacing rises, the residual shear strength generally exhibits
a trend of dropping and then increasing. It is significant to observe that, at 0.5 MPa, the
residual shear strengths for all five rib spacings are comparable. The rib spacing has a
minimal effect on the residual shear strength. This is because the residual shear stress is
mainly generated by the friction of the interface. The interface friction is weaker at 0.5 MPa,
and changing the rib spacing no longer affects the interface friction.
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Rib spacing/mm
Figure 11. Effect of rib spacing on residual shear strength.

Both peak and residual shear strength increase with increasing normal stress in a
roughly linear correlation, which was exhibited by the five sets of data with different
rib spacings. This is because the meshing effect and frictional resistance at the Bolt-
Grout interface rise with an increase in normal stress, which in turn causes an increase in
shear stress.

3.2.2. Effect of Rib Angle on Shear Strength

Figure 12 illustrates the variation of peak strength with rib angles under different
normal stresses. The pattern of variation is the same for all five normal stress conditions, as
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the peak strength exhibits a trend of initially increasing, followed by a decrease, and then
subsequently increases with the increase in rib angle. There is a continuous increase in the
peak strength from 15° to 45° of the rib angle. However, the growth rate begins to decrease,
indicating a diminishing return on increasing the rib angle. Subsequently, when the rib
angle is more than 45° to 60°, the peak shear strength begins to decrease. Finally, the peak
shear strength begins to recover again as the rib angle continues to increase. The reason is
that shear-slip failure mainly occurs when the rib angle is small, with the increase in the rib
angle, the protruding part of the gypsum specimen starts to shear-break failure, and the
peak shear strength increases; meanwhile, the increasing angle will make the protruding
part of the gypsum specimen more easily sheared, and the peak strength decreases; the
promotion of shear is no longer evident when the angle reaches a particular magnitude, but
the interfacial meshing effect is more significant, and the peak strength goes back up. There
exists a relative optimum value for the rib angle, and the greatest value of peak strength
can be considered to occur when the rib angle is 45°.
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Figure 12. Effect of rib angle on peak shear strength.

Figure 13 illustrates the variation of residual strength with rib angles under different
normal stresses. Compared with the peak strength, the residual strength is less affected
by the rib angle, but the rule of change is similar, with the increase in the rib angle, the
residual shear strength exhibits a trend of initially increasing, followed by a decrease,
and then subsequent increase, when the rib angle of 45°, it can be considered that the
residual shear stress appeared to be the maximum value. The reason for this phenomenon
is that shear-slip failure occurs when the rib angle is small, and as the rib angle increases,
shear-break failure begins to occur; shear-slip produces smaller debris, which is manifested
as smaller residual shear stress and shear break-break failure make the bulge failure more
serious, and the interface is rougher, with a larger residual shear stress. The effects of
normal stresses on peak and residual shear strength for different rib angle conditions are
the same as for different rib spacing conditions.
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Figure 13. Effect of rib angle on residual shear strength.
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3.3. Shear Dilation Behavior

Since the normal displacement curves exhibited a similar trend for specimen under
different normal stress conditions, we take the normal stress of 2 MPa as an example to
illustrate the shear dilation behavior of Bolt-Grout interface. Figures 14 and 15 illustrate the
normal displacement-shear displacement curves for different rib spacings and rib angles
under a normal stress of 2 MPa. When the rib spacing is small, such as 12 mm and 20 mm,
the normal displacement decreases because the gap at the Bolt-Grout interface is compacted
in the early phases; afterward, the normal displacement progressively rises due to the shear
dilation; finally, due to the existence of the “climbing effect”, the normal displacement
exhibits a cyclical pattern of initial decrease followed by a subsequent increase. For larger
rib spacing, such as 28 mm, 36 mm and 44 mm conditions, the trend of normal displacement
is approximately the same, and all show a tendency to decrease and then increase before
leveling off. The rib spacings have different effects on the normal displacement in the final
stage of shear, which is mainly due to the increase in rib spacings, the number of ribs in the
interface decreases, so that the “climbing effect” is no longer obvious, and the number of
cyclic changes in normal displacement decreases.
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Figure 14. Normal displacement-shear displacement curves of Bolt-Grout interface under different
rib spacings (on = 2 MPa).
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Figure 15. Normal displacement-shear displacement curves of Bolt-Grout interface under different
rib angles (o, = 2 MPa).

The normal displacement-shear displacement curves under different rib angle condi-
tions have roughly the same morphology, and the normal displacements show a tendency
to decrease and then increase and then level off, as shown in Figure 12. In the early stage of
shear, the difference in normal displacement under different rib angle conditions is small,
which is because the change in normal displacement at this stage is caused by the compres-
sion density and elastic deformation, and the internal cleavage and elastic modulus of each
specimen are the same again. As the shear displacement increases, the discrepancy in the
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Rib spacing
L=12mm
L =20 mm

normal displacement among various rib angles becomes more pronounced, the normal
displacement was the largest at 15° and the smallest at 30°, and with the increase in rib
angle, the normal displacement showed a tendency of decreasing first and then increasing.
This is because shear expansion and slippage failure mainly occur at 15°, and there is no
shear fracture failure, and the normal displacement is larger, and the phenomenon of raised
shear-break failure occurs at 30°, and the normal displacement is smaller.

3.4. Interface Shear Failure Characteristics

The interface shear failure modes can be mainly categorized into the following three
types: shear-slip failure, shear-break failure and combined failure. From the test results,
the Bolt-Grout interface exhibits different failure modes with different rib spacing, normal
stress and rib angle [34]. The study of interfacial shear failure characteristics is crucial for
analyzing the shear failure mechanism of the Bolt-Grout interface, and then analyzing the
shear mechanical properties of the rock bolting system [40].

3.4.1. Influence of Rib Spacing on Interface Failure Modes

For ease of exploring the impact of varying rib spacings, we conducted specific analysis
on the failure morphology of the interface under ¢, = 2 MPa for five different rib spacings,
as illustrated in Figure 16. The angle 6 indicates the inclination angle of the crack created
along the upper right side of the gypsum specimen, and i indicates the angle between the
shear break direction and the horizontal direction in the figure.

When L is 12 mm, i is about 17° (which finally produces a nearly horizontal macro-
scopic rupture band), and 6 is about 25°. Most of the gaps between the ribs have been
filled with worn or sheared gypsum debris, in which the narrower and lighter color debris
band near the root of the ribs is debris generated by the shear-slip failure, while the wider
and yellowish debris band between the two ribs is debris generated by the shear-break
failure. There is a certain gap between the upper and lower specimens, and the gypsum
near the ribs of the upper specimen is not all sheared, which indicates that shear-slip failure
was generated. Therefore, the interface failure mode is a combined failure, but mainly
shear-break failure.

Top view Side view Failure mode

| e —— =

Shear-slip failure

| Shear_break failure

N

o Combined failure (Shear-

break failure is dominant)

[Shear direction|
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Figure 16. Cont.
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Figure 16. The failure patterns of interfaces under different rib spacing.

When L is 20 mm, according to the side view, the upper and lower specimens are
completely separated and partially sheared at the edge of the gypsum between the two
ribs, where i is about 21°, and 6 is about 43°. There is a certain gap between the upper and
lower specimens, and the gypsum near the rib of the upper specimen is not completely
sheared, which indicates that shear-break failure is generated, so the interface failure mode
is a combined failure. From the top view, most of the gypsum debris is located near the
root of the ribs and the debris zone is narrow. No obvious large-scale shear-break failure
has occurred, so shear-slip failure accounts for a larger proportion of the combined failure.

When the rib spacing was 28 mm, 36 mm and 44 mm, respectively, the interface
failure morphology was similar to that of the interface failure morphology when the rib
spacing was 20 mm, the failure modes were all combined failures, and the shear-slip failures
accounted for a larger proportion.

3.4.2. Influence of Rib Angle on Interface Failure Modes

For ease of exploring the impact of varying rib angles on interface failure modes, we
conducted a specific analysis on the failure morphology of the interface under normal stress
o = 2 MPa for five different rib spacings, as illustrated in Figure 17.
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Figure 17. The failure patterns of interface under different rib angle.

When the rib surface angle 6 = 15°, according to the top view, most of the gypsum
debris is located near the root of the ribs. The failure is mostly abrasion failure occurring
in climbing, and there is no obvious shear-break or compression-shear crushing, so the
interface failure mode is mainly shear-slip failure. Because the rib angle is small at this
time, the gypsum protrusion and the inclined surface of the rib are gentle, indicating that
the interface roughness and undulation are small. With the increase in shear displacement,
the gypsum protrusion is prone to climbing along the inclined surface of the rib, and in the
process of climbing, the gypsum contact interface with the rib due to the restriction of the
normal stresses. Part of the gypsum debris is left in the vicinity of the rib, which generates
the shear-slip failure.

When the rib angle 6 = 30°, according to the top view, most of the gypsum debris is
located near the root of the ribs, and there are large pieces of debris and wider debris bands.
The proportion of shear-break failure has increased, but the failure mode is still dominated
by the shear-slip failure. This is because, as the rib angle increases, the gypsum bulge and
the inclined surface of the ribs become steeper, indicating that the interface roughness and
undulation increase, and with the increase in shear displacement, the difficulty of climbing
increases. The climbing phenomenon is rarer in occurrence, and shearing occurs at the
edge part of the bulge, making the percentage of shear-failure increase.

When the rib angle is 45°, 60° and 75°, the interface failure morphology is similar to
that of the interface failure morphology when the rib angle is 30°. Also, the failure modes
are all combined failure, and the shear-slip damages are dominant; however, due to the
difference of the rib angle, the proportion of shear-break failure has changed.

3.4.3. Influence of Normal Stress on Interface Failure Modes

To study the impact of normal stress on the failure mode, the interface failure mor-
phology pattern of five normal stresses under the conditions of 28 mm rib spacing and 60°
rib angle were selected for analysis, as shown in Figure 18. When the normal stress is low,
such as 0.5 MPa, the surface of the gypsum specimen produces many nearly parallel tilted
failure surfaces, placing the gypsum specimen upward over the raised portion of the steel
plate. There is only a small amount of gypsum debris at the ribs of the bolt specimen, and
the debris zone is also narrower. This indicates that shear-slip failures are predominant,
with a small number of shear-break failures as well. When the normal stress is 1 MPa and
2 MPa, the shear failure mode is a combined failure. The analysis shows that the share
of shear-slip failure decreases and the share of shear-break failure increases with raise
normal stress.
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Figure 18. The failure patterns of interface under different normal stresses.
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4. Discussion

As reported in this study, different profile parameters of bolts exhibited different shear
performances in the direct shear tests. The shear strength of the interface increased first, and
then decreased with an increase in rib spacing. This result is consistent with the observation
of Aziz et al. [41], who performed a push-out test and found the loading capacity of the bolt
increased as rib spacing increased from 12.5 mm to 37.5 mm, before then decreasing with a
continued increase in rib spacing. The decrease in shear strength is mainly attributed to the
bolt surface roughness decreases with increasing rib spacing. The continued increase in
shear strength with increasing rib spacing is due to the change of failure modes. When the
rib spacing increases to a certain extent, shear-break failure becomes the dominant failure
mode. The shear strength increases significantly with increasing rib face angles and does
not change significantly when the rib face angle exceeds 45°. When the rib angle is small,
the lower shear strength is due to the fact that the shear slip behavior was triggered more
easily. When the rib angle exceeds 45°, the proportion of shear-break failure remains almost
constant, resulting in insignificant changes in shear strength.

5. Conclusions

This study examines the impact of rib spacing, rib angle, and normal stress on the
shear behavior and failure mode of the Bolt-Grout interface. The following conclusions can
be drawn:

(1) The shear strength of the Bolt-Grout interface demonstrated a pattern of decreasing
and then increasing with the rise of rib spacing. With smaller rib spacings, the effect
of rib spacing on peak shear strength was more apparent. Furthermore, the changes
in shear strength with varying rib angles followed a similar pattern, displaying an
initial increase, followed by a decrease, and then another increase. It is possible to
speculate that, at a 45° rib angle, the peak and residual shear strength reached their
maximum values.

(2) The shear process with different rib spacing and angles was accompanied by a normal
deformation phenomenon. When the rib spacing was small, the normal displacement
decreased in the test’s early phases due to the compression of the internal gap of
the specimen. Thereafter, the shear-slip phenomenon occurred, and the normal
displacement gradually increased. Finally, due to the existence of the “climbing
effect”, the normal displacement produced a cyclic change of decreasing and then
increasing. When the rib spacing was large, the normal displacement changes were
roughly the same and showed an initial decrease, followed by an increase, and then
tended to flatten. The shear dilation curves under various rib angle conditions shared
a similar morphology, with normal displacements exhibiting a pattern of decrease,
increase, and then stabilization.

(8) The failure modes of the interface can be categorized as shear-slip failure, shear-
fracture failure, and composite failure. Although the interface failure modes univer-
sally manifest as combined failures, the proportion of shear-slip failure and shear-
break failure undergoes variations due to the influences of rib spacing, rib angle, and
normal stress.
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