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Abstract

A lot of contemporary research effort is aimed at increasing the efficiency of roof bolting with the use of 
friction-fastened anchor bolts. One of the solutions to this challenge is the use of W-section anchor bolts designed and 
patented by OKS LLC. The use of this type of anchor bolts makes it possible to increase the bearing capacity of roof 
bolting without using any additional materials and the need for additional operations. This paper assesses the 
maximum allowable loads, the stress-strain state and the expansion force during the installation of C-section friction 
anchor bolts with 3 mm thick walls, which are the most common at present, as well as W-section friction anchor bolts 
with 2 mm, 2.5 mm and 3 mm thick walls, respectively, into a borehole. In order to evaluate the efficiency of a 
particular section in terms of metal consumption, it was proposed to use the ratio of the generated expansion force to 
anchor bolt weight. For the C-section anchor bolts with 3 mm thick walls, this value is 57 kN/kg, while for the 
W-section anchor bolts with 2 mm, 2.5 mm and 3 mm wall thicknesses this value is 109 kN/kg, 114 kN/kg and 
157 kN/kg, respectively.



Introduction

At the present, roof bolting with the use of friction-fastened anchor bolts is widely used for rock 
reinforcement in mine workings [1-7]. This type of bolting has a number of advantages in comparison with other 
types of supports: relative simplicity of installation, increased efficiency of the rock reinforcement process, the 
possibility of loading the bolting immediately after its installation.

The friction anchor bolt is retained in the borehole through friction between the walls of the anchor bolt rod 
and the walls of the borehole. The ultimate bearing capacity of friction anchor bolts is evaluated by means of a pull-
out test [8-9]. Research results show that friction anchor bolts have a relatively low bearing capacity, in most cases 40-
60 kN per 1 meter of anchor bolt length [10]. After some time it can increase due to various phenomena: rock shear 
perpendicular to the borehole axis [11], corrosion of the anchor bolt rod [12] and others.

One of the key factors determining the bearing capacity of friction anchor bolts is the value of the anchor bolt 
expansion force on the borehole walls. A large number of technical solutions have been developed to increase this 
characteristic [10-19].

The operating principle of friction-fastened expansion anchor bolts is based on introducing a composite 
mixture into the anchor bolt rod after its installation; this mixture expands over time. When this mixture is introduced 
into the anchor bolt rod without inserting the anchor bolt into the borehole, the anchor bolt diameter increases by 11% 
after 4 days, and by 19% after 56 days [10]. Such a solution makes it possible to increase the anchor bolt's bearing 
capacity, but the full loading of the roof bolting of this type is only possible after a sufficiently long time has elapsed 
since installation. This leads to a reduction of fastening efficiency, thus rendering necessary the use of additional 
materials, which negatively affects the unit cost of fastening an anchor bolt.

Another way to increase the expansion force exerted by anchor bolts on the borehole walls is through the use 
of various versions of the friction anchor bolts with an expansion element, whereby the latter can be a solid rod, a 
hollow solid tube or a cut tube. The expansion element is either installed after the installation of the anchor bolt, or 
connected to the anchor bolt in a certain way and installed together with it [16 -19]. This solution allows to increase 
the expansion force of the anchor bolt, but the additional element increases the anchor bolt's metal consumption as 
well as the cost of its production and, consequently, the final cost to the consumer.

The purpose of this paper is to estimate the ultimate allowable loads, the stress-strain state and the expansion 
force generated by the ATF-type W-section anchor bolts of various wall thicknesses, designed and patented by OKS 
LLC [20], and to compare these characteristics to those of the C-section anchor bolt, the type most common to date.

Methods

The ATF-type W-section friction-fastened tubular anchor bolt is a version of the friction-fastened anchor bolt 
which differs from the most common — C-section — anchor bolt type by the presence of inwardly bent edges in the 
area of the anchor bolt's longitudinal slot. When this type of anchor bolt is installed into a borehole and its outer 
diameter is reduced, the bent edges of the longitudinal slot come into contact, and the section stiffness increases 
significantly; as a result, the expansion force is increased. A significant advantage of the ATF-type W-section anchor 
bolt is that no additional materials or operations are required for its installation.

In this paper, the expansion force of the C-section anchor bolts with 3 mm thick walls (hereinafter C3) and
W-section anchor bolts with wall thicknesses of 2 mm, 2.5 mm and 3 mm (hereinafter W2, W2.5 and W3, respectively)



were evaluated. The C-section is shown in Fig. 1a, the W-section with 3mm thick walls is shown in Fig. 1b. The
characteristics of the sections and of the corresponding anchor bolts are given in Table 1.

Table 1

Characteristics of anchor bolt sections with various wall thicknesses

Section S, mm2 m, kg 𝑰xx, mm4 ∆S, % ∆m, % 𝑰xx, % 

C3 346.8 2.71 64,727.2

W2 291.6 2.27 59,592.9 -15.93 -15.93 -7.93

W2.5 350.7 2.74 70,371.6 +1.11 +1.11 +8.72

W3 424.2 3.31 82,683.9 +22.30 +22.30 +27.74

a) b)

Figure 1. Friction-fastened anchor bolt section: a) ATF-type C-section with 3 mm thick walls; b) ATP-type W-section
with 3 mm thick walls 

Designations in Table 1 are: 𝑆 - cross-sectional area; 𝑚 - weight of 1 m of the anchor bolt; 𝑰xx - moment of 
inertia of the section relative to the x axis (i.e. the horizontal axis, see Fig. 1); ∆𝑆 - change in the section area as 
compared to section C3; ∆𝑚 - change in weight of 1 m of anchor bolt as compared to that of the section C3 anchor 
bolt, and ∆𝑰xx - change in moment of inertia of the section as compared to section C3.

From the analysis of the Table 1 data, it can be seen that the W2-section anchor bolt has a weight 16% less 
than the C3-section anchor bolt, but due to the geometry of the section the moment of inertia 𝑰xx is reduced by a lower
value of 8 %. The W2.5-section anchor bolt has a weight comparable to the C3-section anchor bolt, whereby the 
moment of inertia 𝑰xx increases by 9%. The W3-section anchor bolt has a greater weight than the C3-section anchor 
bolt, but also a 28% higher moment of inertia 𝑰xx.

The maximum allowable load on the anchor bolt rod in the case of its application along the longitudinal axis 
was determined by its yield strength 𝜎0.2 and ultimate tensile strength 𝜎в:

P0.2 = S𝜎0.2, (1)
Pв = S𝜎𝜎в. (2)



As the values of the ultimate stresses, the minimum values of 𝜎0.2 and 𝜎в for rolled steel up to 10 mm thick, 
St3ps grade, GOST 535-2005, were assumed, taking into account the requirements of GOST 31559-2012 for roof 
bolting with the use of friction-fastened anchor bolts. The assumed values are 245 MPa and 410 MPa, respectively.

, the maximum allowable bending moment with respect to the x axis was estimated using the finite 
element method. For this purpose, the anchor bolt rod was simulated with rod elements. The point of the anchor rod 
axis at the beginning of the coordinate system was rigidly fixed, a force 𝑃Mx was applied to the opposite end of the 
anchor bolt rod axis (Fig. 2 a). The material properties corresponded to those of the St3ps steel grade. During the 
simulation, the maximum force value 𝑃Mx was determined at which the arising stresses did not exceed the yield 
strength 𝜎0.2 (Fig. 2 b). This value was then multiplied by the length of the anchor bolt rod to estimate the maximum 
allowable moment. 

a) b)

Figure 2. Simulation of anchor bolt rod bending: a) - finite element method; b) - stress intensity
at the maximum allowable force 𝑃Mx (MPa)

The expansion force generated by 48 mm anchor bolts with various section types, when installed into a 
43 mm diameter borehole, was also determined using the finite element method. For this purpose, a finite element 
model was created consisting of a unit length (1 mm) section of the anchor bolt and an elastic ring on the outside of 
the anchor bolt section (Fig. 3). The material properties of the anchor bolt section corresponded to the St3ps steel 
grade, and the plastic properties were also determined for this material by setting the corresponding flow curve.

Contact interaction was simulated between the outer side of the anchor bolt section and the inner side of the 
elastic ring; to optimize the calculation procedure, the condition for contact interaction was to maintain contact when 
the model was loaded. The contact interaction was also simulated between surfaces of the longitudinal slot edges in an
ATP-type W-section anchor bolt; those surfaces were in contact with each other during the installation of the anchor 
bolt into a borehole.

The end surfaces of the anchor bolt section and the elastic ring were subjected to a displacement constraint 
relative to the 𝑧 axis. Thus, the stress-strain state was calculated for the case of a plane-strain deformation. 
Displacements were applied to the outer side of the elastic ring so that the inner side of the elastic ring took the form 
of a borehole - a circle with a 43 mm diameter (Fig. 4).

As a result of the simulation, the values of stresses and deformations were determined. The value of the 
expansion force was estimated as the reaction force of the support in the contact pair between the anchor bolt section 
and the elastic ring in the cylindrical coordinate system directed radially (in the direction of the x axis when rotated 
360°, see Fig. 5).
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Figure 3. Finite element model of the anchor bolt and elastic ring cross section

Figure 4. Displacements applied to the elastic ring

Elastic ring: diameter shrinks down to 43 mm

Unit-length section of the anchor bolt 
(material: St3)



Figure 5. Estimating the expansion force during the anchor bolt installation into a borehole 

Results and Discussion

The maximum allowable loads on the anchor bolt rod are given in Table 2.
Table 2

Maximum allowable loads on the anchor bolt rod

Section 𝑃0.2, kN 𝑃B, kN , N·m ∆𝑃0.2, % ∆𝑃B, % , %

C3 84.98 128.33 630.18

W2 71.44 107.89 634.32 -15.93 -15.93 +0.66

W2.5 85.92 129.76 760.68 +1.11 +1.11 +20.71

W3 103.93 156.95 884.52 +22.3 +22.3 +40.36

Designations in Table 2 are: P0.2 - maximum allowable force at the yield strength; PB - maximum allowable 

force at the ultimate tensile strength; - maximum allowable bending moment relative to x axis; ∆P0.2 - change in
maximum force at the yield strength as compared to the C3-section anchor bolt; ∆PB - change in maximum force at the
ultimate tensile strength as compared to the C3-section anchor bolt; - change in maximum allowable moment 
relative to x axis as compared to the C3-section anchor bolt.

The analysis of the results in Table 2 shows that the maximum allowable loads on the W2-section anchor bolt 
rod are 16% less than those on the C3-section anchor bolt rod, while the allowable bending moment for this type of 
section has a greater value. The allowable loads on the W2.5-section anchor bolt rod are comparable to those on the 
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C3-section anchor bolt rods, while the allowable bending moment is 20% higher. The allowable loads on the 
W3-section anchor bolts are 22% higher than those on the C3-section anchor bolts, the allowable bending moment is 
40 % higher.

Despite the lower values of the allowable load on the W2-section anchor bolt rod in comparison with the 
C3-section anchor bolt rod, the minimum value (71.44 kN at the yield strength) is by 43% greater than the normative 
minimum allowable load (50 kN according to GOST 31559-2012). Also important is the fact that the friction anchor 
bolt transfers part of the load to the borehole walls due to the expansion force. Therefore, when the friction anchor 
bolt is loaded until it shifts in the borehole, the bearing capacity is determined not only by the anchor bolt rod, but also
by the surrounding rock. This is the reason why, in some cases, the pulling force during the pull-out test is greater than
the allowable load, not only at the yield strength, but even at the ultimate tensile strength. In this regard, the expansion
force generated by the anchor bolt when it is installed into a borehole is decisive for increasing the bearing capacity.

The expansion force for the sections is given in Table 3. The table shows the values of the expansion force for
the unit-length obtained as a result of the simulation, for the anchor bolt rod length of 1850 mm and 2700 mm. The 
change in the expansion force compared to C3-section anchor bolts is also shown, designated ∆𝐹p.

Fig. 6 demonstrates the stress intensity distribution when anchor bolts with different sections are installed into
a borehole; Fig. 7 shows the distribution of plastic strain intensity.

The analysis of the stress intensity distribution shows that the stress for section C3 has a minimum value for 
all simulated sections and amounts to 260 MPa. The intensity of stresses is the highest for section W2.5 and 
reaches 311 MPa; for section W3 it decreases to 301 MPa. The intensity of plastic strains in the W-sections is 
concentrated in the areas where the bent edges of the section originate, and it increases along with the thickness from 
0.016 for section W2 to 0.036 for section W3.

The expansion force of W-section anchor bolts is much higher than that of C-section anchor bolts. For 
example, the expansion force of a W2 anchor bolt, which weighs 16 % less than a C3 anchor bolt, is 60% higher. The 
expansion force of the W2.5-section anchor bolt is more than twice as high as that of the C3-section anchor bolt, 
although the relative weight of the two is comparable. The W3-section anchor bolt provides more than 3 times the 
expansion force of the C3-section anchor bolt, whereby the anchor has a 22% increase in weight. The increase in the 
expansion force of the W-section anchor bolts is achieved by the contact interaction of the bent edges, and the edges 
coming together have the effect of increasing the section's stiffness considerably.

Table 3

Expansion force values

Section
Expansion force 𝐹р, kN

per 1 mm of length per 1,850 mm of length per 2,700 mm of length ∆𝐹р, %

C3 0.155 286.75 418.5

W2 0.248 458.8 669.6 +60

W2.5 0.312 577.2 842.4 +101

W3 0.521 963.85 1,406.7 +236



a) b)

c) d)

Figure 6. Stress intensity distribution during the anchor bolt installation into a borehole, MPa: 

a) С3 section; b) W2 section; c) W2.5 section; d) W3 section

a) b)



c) d)

Figure 7: Distribution of plastic strain intensity during the installation of an anchor bolt into a borehole, MPa: 

a) С3 section; b) W2 section; c) W2.5 section; d) W3 section

The efficiency of a section in terms of metal consumption can be evaluated using the ratio of the expansion 
force to the anchor bolt weight:

 (3)
where Fр1м is the expansion force for an anchor bolt length of 1 m; 𝑚1м is the weight of 1 m of the anchor bolt.

For the C-section anchor bolts with 3 mm thick walls this value is 57 kN/kg, for the W-section anchor bolts 
with wall thicknesses of 2 mm, 2.5 mm and 3 mm, respectively, it is 109 kN/kg, 114 kN/kg and 157 kN/kg. Thus, the 
W-section friction-fastened anchor bolts are much more efficient in terms of metal consumption.

The expansion force values obtained can be used to predict the bearing capacity of the anchor bolts. The shear
resistance of the anchor bolt corresponds to the friction force between the walls of the anchor bolt rod and the 
borehole walls, and can be calculated using the formula:

𝐹СД
*= 𝐹тр= 𝜇𝐹р, (4)

where 𝜇 is the coefficient of friction between the walls of the anchor bolt rod and the borehole walls.

According to the reference data, the friction coefficient of steel on rock is between 0.25 and 0.5 depending on 
the conditions. Accordingly, the shear force FСД for a W2-section anchor bolt with a rod length of 1850 mm can reach 
up to 229.4 kN, and for a W2.5-section anchor bolt it can reach up to 288.6 kN. As noted above, the anchor bolt and 
the surrounding rock work together until the anchor bolt shifts in the borehole due to the expansion force during 
loading; therefore, the bearing capacity of a friction-fastened anchor bolt is determined by the shear force. The 
obtained design values are confirmed by the results of pilot tests - during pull-off tests, the limit load of W3-section 
anchor bolts was 260 kN in some cases. 

It should be taken into account that the real value of the shear force may be less than the calculated one due to
a damage to the integrity of the borehole walls, as well as increased rock fracturing in the borehole drilling zone. 

However, all other things being equal, a W2-section anchor bolt will have a 60% higher bearing capacity than
a C3-section anchor bolt; a W2.5-section anchor bolt will have twice the bearing capacity of a C3-section anchor bolt, 
and a W3-section anchor bolt will have 3.6 times the bearing capacity of a C3-section anchor bolt.

* Hereinafter Fсд stands for shear force, Fтр for friction force.



Conclusion

1. In the present paper, we have evaluated the ultimate allowable loads, the stress-strain state and the expansion 
force during the installation of the ATF-type C-section tubular friction anchor bolts with 3mm thick walls 
and the ATF-type W-section friction anchor bolts with wall thicknesses of 2 mm, 2.5 mm and 3 mm, in a 
borehole.

2. It has been found that the ultimate allowable loads for the ATF-type W-section anchor bolt rod are greater 
than those for the ATF-type C-section anchor bolt rod. The exception is the ATF-type W-section anchor bolt 
with 2 mm thick walls, however the minimum limit value (71.44 kN at the yield strength) is by 43 % higher 
than the minimum allowable normative values (50 kN according to GOST 31559-2012). In addition, the 
weight of this version of the anchor bolt is 16 % less than that of the ATF-type C-section anchor bolt with 
3 mm thick walls, while the maximum allowable bending moment of this version is higher.

3. It has been shown that W-section anchor bolts provide a higher value of the expansion force compared to the 
C-section anchor bolts by a factor of 1.6, 2 and 3.6 for the W-section anchor bolts with wall thicknesses of 
2 mm, 2.5 mm and 3 mm, respectively.

4. W-section is more efficient in terms of metal consumption. For the C-section anchor bolts with 3 mm thick 
walls, the ratio of the expansion force to the anchor bolt weight is 57 kN/kg, while for the W-section anchor 
bolts with wall thicknesses of 2 mm, 2.5 mm and 3 mm this value is 109 kN/kg, 114 kN/kg and 157 kN/k, 
respectively.

5. It has been found that the shear force of an anchor bolt relative to borehole walls can reach the value of 
229.4 kN in case of a W-section anchor bolt with 2 mm thick walls and a 1850 mm long rod, and can reach 
288.6 kN in case of a similar anchor bolt with 2.5 mm thick walls; the calculated results correlate well with 
the results of pilot tests.

6. It has been demonstrated that since the bearing capacity of a friction anchor bolt is determined by the friction
force of the anchor bolt walls and the borehole walls and since the friction force is directly proportional to 
the expansion force, other things being equal, the bearing capacity of the W-section anchor bolts with wall 
thicknesses of 2 mm, 2.5 mm and 3 mm are, respectively, 1.6, 2 and 3.6 times higher than that of the 
C-section anchor bolts.

7. For normal operating conditions, it is recommended to use W-section anchor bolts with 12 mm thick walls, 
which, in comparison with C-section anchor bolts, provide a 1.6 times increase in bearing capacity while 
reducing the anchor bolt’s metal consumption by 16%.

8. For difficult operating conditions, it is recommended to use W-section anchor bolts with 2.5 mm thick walls, 
which, in comparison with C-section anchor bolts, provide a 2-fold increase in the bearing capacity, although 
both types of anchor bolts are comparable in terms of metal consumption.

9. For particularly difficult operating conditions, it is recommended to use W-section anchor bolts with 3 mm 
thick walls, which, in comparison with C-section anchor bolts, provide a 3.6 times increase in the bearing 
capacity while slightly increasing the anchor bolt’s metal consumption (by 22%).
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