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Abstract: The article highlights the research pertaining to the problem of reinforcement of underground exca-
vations with bolting system, using chemical method based on resin cartridges, which currently is a global
trend in mines. Theoretical model of rock bolt installed in a rockmass was discussed and described with
proper formulas for explanation the role of single discontinuity and its mechanism affecting stress–strain
characteristics of the reinforcement system, based on an adhesive method. The presented model has been
verified with results of numerical modelling of stress-strain and deformation composition of the “rock
bolt/resin cartridge/rock block” system, depending on the bond coefficient of the mixture which fixes the
rock bolt. The analysis of the modelling results showed that for the stress-strain conditions of the rock
bolt, too high a bond between the bolt and the rock is dangerous (critical), as it leads to high local tensile
and deformation stresses.
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1. INTRODUCTION

Rock bolting is a widely used practice throughout the world to ensure stability of
mining excavations (Cao et al. 2020; Hoien et al. 2021; Jahangir et al. 2021; Li 2020;
Sakhno et al. 2018; Wu et al. 2021; Wen et al. 2016; Zhao et al. 2020). In practical min-
ing applications rock bolts are fixed with mechanical expansion shell heads, chemical
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(resin) cartridges and their adhesion properties, or as the result of frictional contact
between the walls of the borehole and the bolt. The bolts of the first group are fixed in
a borehole at “two points” – in the bottom part of the borehole and in the part of its
outlet. The fastening quality of such a bolt and its load-bearing capacity are deter-
mined by the reliability of the locking element (head).

According to data from Li, Stjern and Myrvang (Li 2014), the load-bearing capacity
of such bolts reach up to 160 kN with axial deformations of 55 mm, for bolts with
a diameter of 20 mm. The disadvantage of this bolt group is its complexity of con-
struction and assembling.

Bolts of the second group are installed with full length adhesion using resins, ce-
ment or other binding agents. According to Stillborg’s data for a 20 mm bolt, the load
reaches 170 kN and 20 mm deformation, according to Stjern’s tests 210 kN and 40 mm,
respectively (Li 2014). According to data of experiments by Skrzypkowski (Skrzyp-
kowski 2021) tensile stress for partially embedded rock bolt over a distance of 0.3 m
under load is more of 500 МPа. Rebar steel bolts, full column fixed, are the most widely
used globally thanks to their priorities: simplicity, reliability, fast assembly. The disad-
vantage of this group of bolts is its delayed loading capacity. Laboratory tests (Li
2012) indicate that after a deformation of 20–30 mm based on 150 mm, such bolts are
destroyed. This is due to the fact that a chemically fixed bolt is not able to deform
along its entire length, which leads to its single point overload and destruction in and
around the fracture deformation.

Friction bolts are fastened with frictional forces between the borehole walls and the
bolt. This enables the formation of large deformations, but they have a much lower
bearing capacity with pre-set constant resistance, as compared with the previously
mentioned. According to tests conducted by Stillborg and Stjern for the Split Set bolts,
the load-bearing capacity is about 50 kN with deformations of over 120 mm, and
for the Swellex type bolt according to the tests, the maximum load-bearing capac-
ity reaches 121 kN with deformations of 26 mm and after a 180 mm shift – 63 kN
(Li 2014).

The most common are bolting systems in which the rods are fastened chemically,
with the resin cartridges. Scientific research works on study of the stability of mining
roadways, fixed with this type of bolts, mostly fails to into account the influence of the
adhesion of binding mixtures with the bolt rod and the rock mass while the loading trans-
fer. Contemporary studies, conducted mathematically, mainly by numerical methods,
suggest the existence of a close connection between the bolt’s body and the rock block
(Pruška 2017; Zesheng at al. 2016). As a rule, the rock bolt tests are focused on de-
termining their physical characteristics (strength limits, liquid limit, etc.) or the rod
profile (Ghadimi 2017; Li et al. 2016; Yokota et al. 2019). In this way, it is assumed
that the role of the fastening structure is limited to ensuring that the bolt is securely
fastened in the borehole. However, the study of dislocation spots in mining excava-
tions, fastened with bolts, proves that often, even upon rock slide, bolting bolts remain
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intact, without any damage (Fig. 1). This means that a load-bearing component still
has a margin of strength and the bolt/rock system does not work anymore since it is no
longer optimized by stresses. In this way, the problem of the fastening system’s reli-
ability lies not only in the load-bearing element of the bolt system itself, but also in its
interaction with the fastening element, the mode of operation of the fastening element
and its characteristics. The importance of studying this problem is indicated by works
Jahangir (Jahangir et al. 2021), Skrzypkowski (Skrzypkowski 2021), Wu (Wu et al.
2019).

     
а) b)

Fig. 1. Rock falls in mine roadway supported by rock bolts:
(a, b) Management Board of the “Pokrowskoje” mine, Ukraine (authors’ photos)

The aim of the presented research was to determine the influence of the physical
properties of the fastening system on the operation of the bolt/rock block system and
the stress of its components. The basic property of the fastening component is the ad-
hesion to the bolt rod.

     

Fig. 2. Model of rock bolt installed in a block with a fissure (Korzeniowski 2006)
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According to experience and findings of the authors (Korzeniowski 2006) in case
of resin bolts installed especially in a laminated rock mass, a critical meaning for
load bearing capacity of the bolting system has a plane of discontinuity (fissure)
within the range of bolting zone. We assume that the rod subjected to the tension
force firstly overcomes the adhesion forces adjoining the fissure rz, at its both sides
(Fig. 2).

Distribution of the tension stresses within the loaded bolt rod can be described with
the formulas (1)–(5) within the range from –l to 0, and from 0 to +l:

3 3
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where:
max – maximum stress along the loading force direction,
l – current coordinate along the length of the rod,
ls – length of the rod adjoining the fissure, separated from the binding compound.
Beside of the tension stresses in the loaded bolt shear stresses are induced at the

rock/binding compound/rod contacts, responsible for the final load bearing capacity.
Assuming the boundary condition for shearing of the contacts of the rod with  peri-
meter and the cross-section are s we can write a formula:

( ) ( )      l dl s d l (2)

and after transformation we obtain:
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Putting value  (l) from formula (1) and differentiation according l we get:
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Within the range from –l to 0 (one side of the fissure) we obtain, and within the
range from 0 to +l (the other side of the fissure):
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For l = 0,  (l)max is described as following:
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(6)
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2. NUMERICAL MODELLING

Numerical modelling was used as a method of analysis, carried out in volumetric on
a natural scale with the use of FEM simulation with ANSYS.

A section of a rock block, represented by sand slate, was modelled and a bore-
hole with a diameter of 40 mm and a depth of 2.0 m was drilled in it, where the
steel bolt of 30 mm in diameter was fixed in. The space between the borehole walls
and the bolt body was filled with a binding compound. It was assumed that the
modelled block was split, which causes one of its parts to move towards the exca-
vation. Stresses which caused the displacement of the block in the model were
inflated on the surface of the cross-section of the rock; they were gradually in-
creased to feasible limits. Through the symmetry of the tasked axis, half of the
cross-sectional area of the system was modelled (Fig. 3). The task was solved with
an elastic non-linear set-up; the system had two contact surfaces. The first one
between the bolt body and the fastening structure, the second one between the
binding and the rock block.

Since the bonding mixture is homogeneous, the difference between adhesion to
metal and rock is constant. In the finite element model, the adhesion was deter-
mined by the friction coefficient. Correspondingly, the lower threshold of adhesion
was the dry friction coefficient. For the connecting pair metal/coupling compo-
sition, the coefficient was 0.45, and for the pair coupling composition/rock, it
was 0.6.

Fig. 3. General view of the finite element model:
1 – fixed part of block, 2 – tearing fracture, 3 – detached part of block,

4 – fastening structure; 5 – rock bolt

The difference in the rate of adhesion between the pairs was 0.15 units. Bolt rods
are usually made of armature steel, which significantly increases the actual connection
between the bolt body and the connecting compound. Therefore, a more interesting
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and indicative value for the study is the size of the bond in the contact pair coupling
composition-rock. While modelling, this parameter ranged from 0.6–10 units.

3. RESULTS AND DISCUSSION

Images of the distribution of von Mises equivalent stresses and deformations in the
model at 1 MPa of pressure on the detaching part of the block and 0.6 and 10 unit rock
interface sizes are shown in Fig. 4.

Fig. 4. Distribution of von Mises equivalent stresses (a, b)
and total displacements in the model (c, d) with a bond of 0.6 (a, c) and 10 (b, d) units

The presented results show that the bolt stress is local with the maximum stress
corresponding to the tearing fracture. With a binding equal to 10 the displacement of
the block is 2.45 times lower than with a binding equal to 0.6. The coupling com-
pound is loaded over the entire length of the hole with a maximum stress at the frac-
ture boundary. Only the part of the bonding mixture at the block boundary is de-
formed. No additional stress is created in the rock blocks themselves.

In order to evaluate the influence of the tested parameters on the composition of the
system’s components, we will analyse the deformations and stresses occurring in a criti-

a) b)

c) d)
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cal cross-sections, reducing them to graphs of projections constructed according to char-
acteristic lines. Line 1-1 coincides with the central longitudinal axis of the bolt and char-
acterises the bolt beam. Line 2-2 is parallel to the first one, but it was drawn on the con-
nection boundary between the composition and the rock, thus determining its condition.
Line 3-3 approximates the first one, but it was drawn through the centres of the rock
blocks. The lines and points for determining deformation and stress are shown Table 1.

Table 1. Point coordinates by line

Coordinates (x; y; z)
on characteristic lines

Coordinates (x; y; z)
on characteristic lines

Points

Line 1-1 Line 2-2 Line 3-3

Points

Line 1-1 Line 2-2 Line 3-3
1 (0; 0; 0) (0; 0.02; 0) (0; 0.055; 0) 11 (0; 0; 1.0) (0; 0.02; 1.0) (0; 0.055; 1.0)
2 (0; 0; 0.15) (0; 0.02; 0.15 (0; 0.055; 0.15 12 (0; 0; 1.05) (0; 0.02; 1.05) (0; 0.055; 1.05)
3 (0; 0; 0.3) (0; 0.02; 0.3 (0; 0.055; 0.3 13 (0; 0; 1.1) (0; 0.02; 1.1) (0; 0.055; 1.1)
4 (0; 0; 0.4) (0; 0.02; 0.4 (0; 0.055; 0.4 14 (0; 0; 1.2) (0; 0.2; 1.2) (0; 0.055; 1.2)
5 (0; 0; 0.5) (0; 0.02; 0.5 (0; 0.055; 0.5 15 (0; 0; 1.3) (0; 0.02; 1.3) (0; 0.055; 1.3)
6 (0; 0; 0.6) (0; 0.02; 0.6) (0; 0.055; 0.6) 16 (0; 0; 1.4) (0; 0.02; 1.4) (0; 0.055; 1.4)
7 (0; 0; 0.7) (0; 0.02; 0.7) (0; 0.055; 0.7) 17 (0; 0; 1.55) (0; 0.02; 1.55) (0; 0.055; 1.55)
8 (0; 0; 0.8) (0; 0.02; 0.8) (0; 0.055; 0.8) 18 (0; 0; 1.7) (0; 0.02; 1.7) (0; 0.055; 1.7)
9 (0; 0; 0.9) (0; 0.02; 0.9) (0; 0.055; 0.9) 19 (0; 0; 1.85) (0; 0.02; 1.85) (0; 0.055; 1.85)

10 (0; 0; 0.95) (0; 0.02; 0.95) (0; 0.055; 0.95) 20 (0; 0; 2.0) (0; 0.02; 2.0) (0; 0.055; 2.0)

Deformations in the block fastened with the bolt are caused by displacement of its
detached part; it is convenient to analyse it by drawing appropriate structures along
line 3-3. The diagrams presenting the characteristics of rock block deformations at 1 MPa
pressure on the detaching part of the rock (Fig. 5) make it possible to conclude that
increased binding leads to a reduction of the detaching block.

Fig. 5. Longitudinal deformations of rock blocks (line 3-3) at 1 MPa pressure
on the detaching part of the block at the rock interface:

1 – 0.6 units; 2 – 1 units; 3 – 2 units; 4 – 5 units; 5 – 10 units
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The quantitative evaluation of the impact of the binding on the stress and deforma-
tion condition of the bolt rod in the model under analysis is presented in diagrams
(Figs. 6 and 7).

Fig. 6. Bolt rod’s deformations along length (line 1-1) at 1 MPa pressure on the detaching part
of the block, at rock interface: 1 – 0.6 unit; 2 – 1 unit; 3 – 2 units; 4 – 5 units; 5 – 10 units

    
a) b)

Fig. 7. Maximum major stresses (a) occurring and maximum (von Mises) equivalent stresses (b)
in the bolting beam along its length (line 1-1) at 1 MPa pressure on the detaching part of the block,

at rock interface: 1 – 0.6 unit; 2 – 1 unit; 3 – 2 units; 4 – 5 units; 5 – 10 units

The largest part of the deformation diagrams corresponds to the middle part of the
bolt and lies within the rage of 0.95–1.05 m. At the same time, it is worth noting that,
as binding increases, the general deformations of the bolt decrease and there is no
deformation in the specified region. In order to follow this, we will analyse the dia-
grams of relative deformations of the bolt beam between neighbouring points placed in
the appropriate positions (Fig. 8). Figure 8a shows that, as binding increases, the general
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deformations of the bolt decrease and deformation increases at section 0.95–1.05. It
means that improving the quality of the bolt fastening mechanism leads to an increase
in its local relative deformations, which is more critical. In the former case, the entire
bolt rod stretches continuously and, in the latter one, only the middle part stretches
more significantly, where higher stresses appear. It can be also observed on the basis
of stress diagrams. Two stress increases are observed in the middle part of the bolt.
The first one, at section 0.8–0.95 m, 1.05–1.2 where binding leads to an increase
in stress growth (increase). For the 0.6 unit binding, the principal stresses at this sec-
tion increase 1.76 times and, for binding 10, 7.26 times. Another pressure increase is
observed in the middle part of the bolt beam at section 0.95–1.05 m. At this section,
the increase in binding also leads to an increase in the difference between maxi-
mum stresses; for the 0.6 unit binding, the principal stresses at this section de-
crease 1.06 times and, for binding 10, 1.34 times. It is thus obvious to conclude that
high binding is more dangerous for the stress and deformation condition of the bolt
beam since it leads to the occurrence of higher local stresses and deformations. It is
necessary to pay attention to the fact that relative deformations of the bolt rod are ir-
regular at length and unsymmetrical, which is more visible as stress on the displacing
rock block increases (Fig. 8b).

    
a) b)

Fig. 8. Relative deformations of the bolting beam along its length (line 1-1) at 1 MPa (a)
and at 3 MPa (b) pressure on the detaching part of the block, at rock interface:

1 – 0.6 unit; 2 – 1 unit; 3 – 2 units; 4 – 5 units; 5 – 10 units

The diagrams show that, at binding exceeding 5 units, relative deformations are a con-
stant. Until this moment, an increase in deformations is observed relative to the bond
coefficient, which is approximate to a logarithmic one. In order to observe the impact of
bonding on the deformation of the coupling composition in the under analysis, it is
necessary to analyse the relevant diagrams (Fig. 9).
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The basic difference between the deformation of the fastening element and the de-
formation of the bolt rod consists in the existence of a displacement increase in the
zone between longitudinal blocks. In addition to this, displacements do not differ sig-
nificantly in the immobile part of the block at different bond coefficients. The higher
the bond, the worse the deformation curve of the displacing block.

     
a) b)

Fig. 9 – Deformations (a) and relative deformations (b)
of the binding compound along its length (line 2-2) at 1 MPa pressure

on the detaching part of the block, at rock interface:
1 – 0.6 unit; 2 – 1 unit; 3 – 2 units; 4 – 5 units; 5 – 10 units

When analysing the equivalent stresses (Fig. 10a), one can reach a similar conclu-
sion. The stresses show an irregular distribution along the length with increased am-
plitude towards the detaching block. Increased stress in the section dangerous for the
bolt beam 0.95–1.05 m constitutes 20–26% of the stress at adjacent sections.

While tensile strain is critical for the bolt rod, compressive strain is dangerous for
the fastening structure. This is shown in the diagrams of main stress (Fig. 10b) occurring
at its length. For the presented example, minimum (compressing) principal stresses are
74.6 MPa and the maximum ones are also compressing and equal to 6.6 MPa. It is
obvious that minimum principal stresses which grow as the coupling coefficient in-
creases are also dangerous for the structure.

The occurrence of high stresses in the anchor bolt and even the danger of its de-
struction with resins with high adhesion are confirmed by laboratory experiments un-
der the guidance of Prof Korzeniowski (Skrzypkowski et al. 2020). The presented
results of numerical modelling in terms of the effect of the elastic modulus of the resin
on the nature of stresses and failures arising in it are consistent with the results of
laboratory tests of the effect of resin properties on the peak pullout forces mentioned
in the work of Shen (Shen 2021), as well as in the works of Sakhno (Sakhno et al.
2018; Sakhno et al. 2019).
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a) b)

Fig. 10. Von Mises equivalent stresses (a) and principal stresses (b) occurring in the fastening structure
along its length (line 2-2) at 1 MPa pressure on the detaching part of the block, at rock interface:

(for 17a) 1 – 0.6 unit; 2 – 1 unit; 3 – 2 units; 4 – 5 units; 5 – 10 units; (for 17b) 1-5 minimum principal stresses
(S3) at rock interface: 1 – 0.6 unit; 2 – 1 unit; 3 – 2 units; 4 – 5 units; 5 – 10 units; 6–10 maximum principal

stresses (S1) at rock interface: 6 – 0.6 unit; 7 – 1 unit; 8 – 2 units; 9 – 5 units; 10 – 10 units

4. CONCLUSIONS

Based on the results achieved, the following conclusions can be drawn:
1) As the bond increases, main deformations of the bolt decrease and relative de-

formations near the detaching fracture grow based on an approximately loga-
rithmic relationship of the connection coefficient.

2) Relative deformations of the coupled composition in the middle part of the sys-
tem “rock/bolt/resin”, near the fracture, are 2 times lower than in case of the bolt
rod and, at the same time, they are quite uniform.

3) Stresses in the coupled fastening structure are distributed in an irregular manner
at length with amplitude increasing towards the detaching block. The increase of
stress in the section critical for the bolt rod constitutes 20–26% of stress at adja-
cent sections. Minimum principal stresses which grow as the connection coeffi-
cient increases are critical.

4) For the stress and deformation condition of the bolt rod, the strong coupling of
the bolt and the rock is more dangerous since it leads to occurrence of higher lo-
cal tensile stress and deformation. The occurring stresses specify the necessary
material and diameter of the bolt rod.
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