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A B S T R A C T

The support of rock bolt plays a significant role in maintaining the stability of a roadway in steeply inclined
geological formations, yet choosing a reasonable support scheme of rock bolt in this situation is still not well
understood. To reveal the force or stress distribution mechanism of anchor bolts and design an effective support
scheme, an in situ anchorage experiment was conducted in a deep-buried roadway in steeply inclined rock strata.
This results of this study demonstrate that in the steeply inclined rock formations, the intersection angle of a bolt
length direction and the interface of rock layers have a great effect on the distribution and variation of axial force
in bolts. The axial forces at the positions near the intersection of the interface and bolt increase a lot with time. In
addition, the existence of no small or non-zero axial force at the end of anchor bolts indicates that much longer
bolts should be used to prevent further deformation in steeply inclined rock.

1. Introduction

Mining in steeply inclined rock may result in instability problems,
which have become a significant concern in the past few years. Because
of the presence of a steeply inclined dip, the heterogeneity of the sur-
rounding rock and the large variety of joints therein, excavation-in-
duced asymmetrical large deformation in surrounding rock has been
frequently encountered, resulting in a difficult problem to mitigate for
the support of roadways in steeply inclined rock. In general, conven-
tional support methods including yieldable support systems or stiff
support systems with strengthened lining, combined with rock bolts or
cables are widely used in horizontal or low-angled dip strata (Brodny,
2012; Cai et al., 2004a, 2004b; Majcherczyk et al., 2014; Shen, 2014;
Torano et al., 2002); the support methods for mining in steeply inclined
rock are not known in literature, particularly with regard to the
methods of selecting anchor bolts or cables. Therefore, understanding
the force mechanism of the anchor bolts to design a competitive support
in steeply inclined rock is of great significance with regard to reducing
the severity of project accidents and project costs (Alejano et al., 1999;
Kang et al., 2010; Liu et al., 2015; Yang et al., 2014; Zhang, 1999).

Due to the existence of bedding and interfaces in or between steeply
inclined rock formations, mining-induced stress in the surrounding rock
easily causes dislocation and shear slip along the rock interface, com-
plicating the support stability much more than under other common

geological conditions (He, 2011; Ma and Li, 2011; Ran et al., 1994;
Souley and Homand, 1996). In recent years, most of the studies focused
on investigating bolting mechanism of grouted bolts in rock mass with
joint planes. Spang and Egger (1990) performed approximately 70 la-
boratory and field tests on fully-bonded and untensioned rock bolts in
stratified or jointed rock masses and evaluated the contribution of bolts
to the shear resistance of rock joints with high friction along the joint
and inclination of the bolt or dilatancy of the joint. Pellet and Egger
(1996) proposed an analytical model for the prediction of the con-
tribution of bolts to the shear strength of a rock joint, accounting the
interaction of the axial and the shear forces mobilized in the bolt.
Jalalifar and Aziz (2010) experimentally studied the bolt installed
perpendicular to sheared joints, and found that the distance of the hinge
point from the shear joint plane increases when the bolt is in a plastic
state. Chen and Li (2015) proposed that the deformation capacity of the
bolts increased with the joint gap, and the energy absorption capacity
of the D-Bolt is 3.7 to 1.5 times that of the rebar bolt, depending on the
displacing angle. Liu and Li (2017) analysed the contribution of the
axial and shear forces acting at the intersection between the bolt and
the joint plane to the stability of a rock slope and proposed that the
bigger the dip of the bolt to the joint plane, the more significant the
dowel effect. Deb and Das (2014) found that rock bolt reduces the rock
and joint movements and also reduces the yielding zone along the joint,
and higher axial load occurs in the rock bolts intersected by the joint as
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compared to the nonintersecting bolts. The bolt rod bends because of
the shear movement of the joint, and the bending moment attains a
maximum value at two hinge points. These studies ultimately revealed
the distributions of the axial stress in the bolt and the shear stress at the
bolt – grout interface, considering the interaction of jointed or stratified
rock masses with bolt. The bolt activates an axial force because of the
opening of the joint, inducing a shear force by the transverse dis-
placement of the joint (Deb and Das, 2011; Delhomme et al., 2010).

In steeply inclined formations, interfaces are the primary factors.
Although there are many similarities between rock joints and inter-
faces, some differences still exist, e.g., rock joints always have existing
cracks or surfaces, whereas interfaces between the rock layers are dense
before being disturbed by external pressure; rock joints are always
rambling, while interfaces are regular. Further, at present, a few tech-
nological methods are known to help design the support scheme of
anchor bolts in steeply inclined rock roadways. Therefore, considering
the effect of the excavation of roadway in steeply inclined rock for-
mations, the anchorage performance of rock bolts needs further study.

In this study, a deep-buried roadway in steeply inclined rock was
chosen as a case study; using an in situ experiment and automatic
monitoring, the force mechanism of the anchor bolts mounted in the
rock mass surrounding a roadway was analysed to provide evidence for
a reasonable design for anchor bolt supports.

2. Situation of the engineering construction

A roadway in a coal mine, with a mining depth of 700m, is located

at the lower wing of an overfold between the fourth and the fifth
crossheading. For the purpose of both geologic survey and haulage, the
roadway is designed as one-orbital tunnel with the height and width of
3.4 and 4.7 m, respectively, and the main support consists of 36U-
shaped steel sets, wire netting, steel bands, and rock bolts around the
perimeter, as shown in Fig. 1.

This roadway is mainly constructed in a coal seam, characterized by
the layered black massive structure with glassy luster, mingled with
several layers of dirt bands. The immediate roof is made of light-grey
sandy mudstone, and the immediate floor is mainly grey sandy mud-
stone, dense and thick-layered with a sand shale structure. The main
roof and main floor are grey-white quartz sandstone and grey-white
fine sandstone, respectively. According to the geological profile map of
the roadway ranging from 30m above the roof to 30m below the floor,
the geological formations include mudstone, quartz sandstone, sandy
mudstone, coal seam, sandy mudstone, fine sandstone and mudstone, as
illustrated in Fig. 2. The rock formations are almost parallel at the in-
terfaces and considered as steeply inclined rock strata (dip 60°).

The roadway construction encounters severe deformation problems.
One challenge is the severe asymmetric large deformation, induced by
asymmetrical ground pressure during mining, as shown in Fig. 3. The
deformations at the roof and the right side were observed up to 50 cm
and>1m, respectively. In addition, the U-shaped steel support was
damaged, and the steel ribs at the lower right sidewall were severely
twisted (Fig. 4), mostly caused by the dominant tectonic ground stress.

For these reasons, the original support, using conventional support
scheme, is not capable of maintaining the stability of the roadway.

60

Fig. 1. Inclined geological formation.
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Fig. 2. Geological model of the boring roadway.

Fig. 3. Asymmetrical large deformation.
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Since the anchor bolt is essential and active in supporting a roadway,
designing a reasonable support scheme of rock bolt is of significant
concern for a roadway constructed in steeply inclined rock. To reveal
the force or stress distribution mechanism of anchor bolts, an in situ
anchorage experiment was conducted in a deep-buried roadway in
steeply inclined rock strata.

3. In situ anchorage experiment

3.1. Experimental scheme

For the in situ anchorage experiment, due to the special geological
formations surrounding the roadway, testing a single bolt is not enough
to study the complicated mechanical characteristics of anchor bolts;
therefore, several anchor bolts should be installed and distributed at the

typical locations. At a cross section of the roadway, five bolts were
selected and located at the right sidewall, the right arch shoulder, the
vault, the left shoulder and the left sidewall as shown in Fig. 5, and are
labelled as MG1, MG2, MG3, MG4, and MG5 from the left to the right.
The selected bolts are common left spiral bolts with a diameter and
length of 20mm and 2.0 m, respectively. Further, for each bolt, four
strain gauges are adhered in it to measure the axial strains at the de-
signated positions along the bolt length direction. The distances from
the bolt head to the designated positions are 0.2, 0.6, 1.2, and 1.8 m,
corresponding to the first, second, third and fourth strain gauge, re-
spectively (Fig. 6). The four strain gauges are numbered from 1 to 4,
e.g., for MG1, the four strain gauges from the anchor plate are called
MG1-1, MG1-2, MG1-3, and MG1-4 along the rock bolt (Fig. 5).

3.2. Rock bolts processing

Before the installation of the in situ anchorage experiment, bolts
should be processed to facilitate the adhesion of strain gauges to
measure strain. The process of processing rock bolts is as follows:

(1) Grooving and polishing: At the designated positions, grooves with a
width of 10mm and a depth of 3mm were formed along the axial
bolt (Fig. 7(a)). After grooving, the surface roughness of each
groove well improved to attach a strain gauge. (2) Strain gauge
adherence: In order to properly attach a strain gauge to the surface
in the groove, a thin layer of binder should be brushed on the
surfaces of strain gauge and groove, followed by attaching them
together and pressing the strain gauge slightly to make sure that the
bubbles and excess binder squeezed out until the strain gauge is
tightly bonded. Afterwards, the leads on the strain gauge should be
welded to the end of wires, as shown in Fig. 7(b). (3) Protection of
strain gauges and wire leads: In order to prevent strain gauges at-
tached in the bolt and wire leads from damage during the

rock interface
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Fig. 5. Layout of the rock bolts.
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Strain gaugeAnchor plate Rock bolt Fig. 6. Diagram of the strain gauges in rock
bolts.

Fig. 4. Twisted steel ribs.

G. Wu et al. Tunnelling and Underground Space Technology 82 (2018) 125–134

127



installation of rock bolts, attach a thick layer of silica gel on the
strain gauges and wire leads to encapsulate them (Fig. 7(c)), fol-
lowed by making a piece of sheet copper cover them and tie it up
around the bolt (Fig. 7(d)). In addition, the extended wires should
be stretched out straight along the non-ribbed zone of the bolts so
that they would not be damaged during the installation of the bolt,
as shown in Fig. 7(e). (4) Setting colours for extended wires: For
each bolt, the extended wires extracted from different strain gauges
were designated by different colours for easy identification, i.e., the
extended wires with the same distance from bolt head are set the
same colour, as shown in Fig. 7(f).

3.3. In situ installation of rock bolts

Before the installation of the anchor bolts, the boreholes with a
diameter of 45 mm and the anchor resin agent were well prepared.
Notably, during the installation of bolts, the bolting machine cannot be
set at too high rotation speed, because it may destroy the gauges and
wires. At the end of bolt installation, an anchor plate was mounted to

the bolt to fasten the screw nut, and the applied pretention force was set
at ∼50 kN. The gap between the rock bolt and the borehole was filled
up with cement grout, and the extended wires were arranged properly
to connect to the data logger. The whole process of installation of an-
chor bolts is shown in Fig. 8.

3.4. Automatic data acquisition for anchorage experiment

The roadway is located at a depth of 700m below the ground,
where the temperature approaches 40 °C, making long time stay for
experimenters very difficult. In addition, the transportation to the test
site is not convenient, always taking ∼2 h, making the manual mon-
itoring very difficult. Therefore, automatic data acquisition was used to
monitor and record this anchorage experiment.

In this study, a type of intelligent data logger was used. This data
logger provides communication to make data readily available by
means of measurements of scaling, logging and returning in engineering
units or within statistical reporting, as shown in Fig. 9(a). This device is
very suitable for long-term, unattended field monitoring for real-time

(a) Groove in a steel bolt               (b) Strain gauge adhered in a groove 

(c) Encapsulation of strain gauge         (d) Lead wire protected by sheet copper 

(e) Wires along the non-ribbed zone (f) Bolts processed

width=8mm, depth=3mm

Fig. 7. Processing of anchor bolts.
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data acquisition. For this experiment, the data of strain gauge in the
rock bolts can be transferred to the memory and saved in a U-disk
prepared before. The strain data of the experimental results from the
gauges of bolts can be extracted from the data in the U-disk and ana-
lysed using a computer, as shown in Fig. 9(b).

4. Experimental results

The automatic field monitoring work continued for four weeks. The
frequency of the data logger was set up three times one day, and the
average values were chosen to reduce error. The strain data of gauge
sensors in the bolts were obtained and converted to axial force at the
section of the bolt by the following formula:

=N EAεi i (1)

where Ni is the axial force at ith section of bolt, E is the elastic
modulus of bolt, A is the cross-section area and εi is the strain at ith

section.
The anchorage includes rock bolt and grout (mainly cement and

resin). The capacity of the rock bolts with a diameter of 20mm is 105
kN. The other parameters of the anchorage are listed in Table 1.

4.1. Analysis of axial force in bolts

To analyse and reveal the load transfer mechanism of rock bolts in
steeply inclined rock formations, the distribution of the axial force at
the section along the length of the bolt can be presented. Due to the
continuous monitoring of the rock bolts for four weeks, the variations in
the axial force at the section in the rock bolts can also be obtained and
analysed.

(1) Distribution of axial force along the length of the bolt

Due to monitoring lasting for four weeks and the measurement
frequency of three times per day, a large number of strain data is
generated. For convenience, the data of axial forces in the bolts at the
interval of one week were selected, and those of four weeks were
processed. Figs. 10–14 present the distributions of the axial force along
the length of rock bolt for the five bolts from the initial time to the
fourth week. For the five rock bolts, along the length, the axial force all
decreases from the head to the end. Due to the effect of interface be-
tween the rock layers and different deployment of rock bolts in this
experiment, the distribution of axial force in different bolts would be
different. For bolt MG2, the distribution of axial force just has slightly
changed as the bolt length direction is parallel to the interface of the
rock layers (Fig. 11), i.e., the existence of the interface does not have
much effect on the axial forces in bolt MG2. However, for bolt MG4, the
distribution of axial force changed significantly, where the length di-
rection is nearly perpendicular to the interface (Fig. 13), especially the
axial forces at gauges MG4-1 and MG4-2 near the bolt head. In four
weeks, the axial force at gauge MG4-1 increased from 52 kN to 62 kN,
and the axial force at gauge MG4-2 from 41 kN to 57 kN, significantly
changing the distribution of the axial force along the bolt length. The
bolts MG1, MG3 and MG5 intersect their corresponding interface at
∼45°, and the axial forces along the bolt length also increased to some
extent, but the increase is slower than that of bolt MG4. According to
the distribution of the axial force along the bolt length for the five bolts,
the axial forces at the end of the bolts are not small and were confirmed
by the axial forces at the fourth gauges of every bolt.

(2) Variations in axial force in the rock bolts

Figs. 15–19 present the trends of change of axial force with time at
the four strain gauges of the five bolts, indicating that the axial force all
tend to grow in varying degrees with time. For bolt MG2 (Fig. 16), the
axial forces at the four gauges just increased slightly, generally only 3
kN growth in four weeks, accounting for the parallel relationship of the
bolt length direction and the layer interface. Due to the perpendicular
relationship of the bolt length direction and the layer interface for bolt
MG4, the axial forces at gauges MG4-1 and MG4-2 increased a lot in
four weeks (Fig. 18), owing to the location of MG4-2 approaching the

(a) Anchor bolt installation ( ) 

(b) Anchor bolt installation ( ) 

(c) Anchor bolt installation ( ) 
Fig. 8. Installation process of rock bolt.
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intersection of the interface and bolt MG4, whereas the axial forces at
gauges MG4-3 and MG4-4 which are not near the intersection just in-
creased only slightly. For other bolts, the bolts MG1 and MG5 intersect
the interface near the third gauge, and the bolt MG3 intersects the in-
terface near the fourth gauge; therefore, the axial force in their corre-
sponding positions also increased to some extent.

4.2. Discussion and summary

According to the analysis of the anchorage experiment results, the
distribution and variation of axial force in different bolts become dif-
ferent and is related to the impact of interface between the rock layers,
the location, and the bolt length direction of each rock bolt. When the
bolt length direction intersects the interface of the rock layers at a large
angle, the axial force in bolts changes significantly (e.g. in MG4);
however, when the bolt length direction intersects the interface at a
small angle or even turns parallel to the interface, there is a minor
change or no change of the axial force in the bolts (e.g., in MG2).
Hence, the intersection angle between a bolt length direction and the

interface of rock layers has a significant effect on the distribution and
variation in axial force in bolts. This finding is similar to some related
studies regarding the inclination of a bolt to the joint plane of rock
mass, where a jump part of axial force at the joint plane exists, and the
impact of intersection between the bolt and the joint plane to the sta-
bility of a rock slope was discussed (Deb and Das, 2014; Ghadimi et al.,
2015; Liu and Li, 2017).

The variation in the axial force in the rock bolts demonstrates that
the axial forces at the four gauges in the bolts intersecting the interface
of steeply inclined rock layers increased with time, owing to the pro-
gressive interaction between the bolts and intersected interface after
the roadway excavation, where the interface between rock strata ex-
perienced shear deformation or slip along the interface. Further, the
axial forces at the positions near the intersection of the interface and
bolt increased significantly with time, accounting for progressive shear
resistance taken from the interaction of the interface and bolt. The
trends have been verified in some literature regarding bolts in the
jointed rock mass. (Spang and Egger,1990; Cai et al., 2004a, 2004b;
Jiang et al., 2014).

(a) Data logger 

(b) Software interface for data acquisition 
Fig. 9. Data acquisition by automatic monitoring.

Table 1
Parameters of the anchorage.

Material Elasticity modulus/GPa Poisson’s ratio Cohesion/MPa Internal friction angle/° Setting time/s Length/m

Rock bolt 210 0.27 2.0
Grout(cement) 26.3 0.19 0.8 36.8
Resin 91–180 0.5
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Fig. 10. Distribution of axial force (kN) along the length for the five bolts at the initial time.

Fig. 11. Distribution of axial force (kN) along the length for the five bolts in one week.

Fig. 12. Distribution of axial force (kN) along the length for the five bolts in two weeks.
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Fig. 13. Distribution of axial force (kN) along the length for the five bolts in three weeks.

Fig. 14. Distribution of axial force (kN) along the length for the five bolts in four weeks.
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The anchorage experiment also demonstrates that the axial forces at
the end of the bolts are neither small nor zero, differing from conven-
tional theoretical analysis or experimental results without steeply in-
clined rock formations (Cai et al., 2004b; Li et al., 2017). Therefore, the
results of the anchorage experiment indicate that the length of anchor
bolt (i.e., 2.0 m) is not long enough to prevent further deformation in
the steeply inclined rock.

5. Conclusions

To reveal the force or stress transfer mechanism of anchor bolts in
steeply inclined rock formations to derive an effective support scheme,
an in situ anchorage experiment was carried out in a deep-buried
roadway in steeply inclined rock strata. The detailed analysis and dis-
cussion of the results in this study lead to the following conclusions:

In steeply inclined rock formations, the intersection angle between a
bolt length direction and the interface of the rock layers significantly
affects the distribution and variation of axial force in bolts. When the
bolt length direction intersects the interface of the rock layers at a large
angle, the axial force in the bolts changes significantly. When the bolt
length direction intersects the interface at a small angle or is parallel to
the interface, there is a minor change or no change of axial force in
bolts. Therefore, large intersection angle between a bolt and the in-
terface of rock layers is suggested when constructing rock bolts.

The axial forces in bolts intersecting the interface of steeply inclined
rock layers always increase with time, and the axial forces at the po-
sitions near the intersection of the interface and bolt increase a lot,
accounting for progressive shear resistance taken from the interaction
of interface and bolt. Therefore, larger pre-stress and strength of rock
bolt should be adopted to enhance the reinforcement effect.

In consideration of no small or non-zero axial force at the end of
anchor bolts, much longer bolts should be used to prevent further de-
formation in steeply inclined rocks.
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