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Abstract: The pre-tightening force loss (PTFL) of bolts is an important but underestimated cause
of roadway instability. In mine anchorage systems, the actual pre-tightening force of bolts is only
50% to 80% of the design value. Through a case study at Xiahuo Coal Mine, it was found that the
essential causes of PTFL are the increasing friction coefficient between supporting units controlled by
factors such as pre-tightening torque levels, pre-tightening cycles, and surrounding rock roughness.
This study investigates the behavioral characteristics of PTFL and its influence on surrounding rock
failure in roadways. This research reveals a linear correlation between pre-tightening force and
torque, with an average torque conversion coefficient of approximately 0.19. However, the PTFL
increases with higher levels of pre-tightening torque, increasing pre-tightening cycles, and rougher
surrounding rock conditions. For every 30 N-m increase in pre-tightening torque, the PTFL increases
by approximately 1.67 kN. Reducing the PTFL can expedite the stress redistribution process and
shorten the self-stabilizing period of the roadway by approximately 10 days, thereby enhancing the
active supporting potential of bolts.

Keywords: roadway support failure; pre-tightening force loss (PTFL); anchorage system; friction

1. Introduction

Roadways in soft rock, commonly encountered in coal mining systems, are prone to
considerable deformation without adequate bolt support. This challenge is exacerbated
in the presence of complex tectonic stresses, which can lead to severe deformation and
the potential collapse of these roadways. As a pivotal component in stabilizing the rock
surrounding these roadways, bolts are instrumental in preventing rock dilation and de-
formation. They enable the rock and bolts to share loads synchronously, enhancing stress
distribution within the rock mass. Thus, applying an appropriate pre-tightening force
to the bolts is crucial for maintaining stratum stability [1-3]. As shown in Figure 1, in
field engineering, the pre-tightening force is typically applied by tightening the nut [4,5].
However, in many coal mines, the conversion of pre-tightening torque to force is often
compromised by friction between support units and other factors, resulting in a signifi-
cantly lower actual pre-tightening force than the intended value. This discrepancy leads to
substantial deformation of the surrounding rock in the initial stages of roadway support.
The traditional approach to address this issue involves replacing failed bolts with new
ones. While this method curtails further deformation, it also escalates support costs [6].
Therefore, investigating the loss behavior of the pre-tightening force in bolts and develop-
ing corresponding remediation techniques is vital. This research aims to guide roadway
support construction to enhance roadway stability.
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Figure 1. Composition of anchorage structure and stress on supporting units in the pre-tightening
process: (a) anchor structure; (b) pre-tightening process.

The application of the pre-tightening force can effectively control fractured rock by
modulating the stress distribution within the rock and managing its internal structure.
Initially, by augmenting the pre-tightening force, a more uniform stress distribution is
achieved. This alteration intensifies the stress gradient in the roadway’s plastic zone while
diminishing it in the elastic zone. Moreover, the increase in the minimum principal stress
within the anchorage body forms a stress superposition zone, boosting the anchorage
structure’s load-bearing capacity. This process also contracts the tensile stress zone, further
reinforcing the structure [7-10]. Regarding controlling the rock strata’s internal structure,
a high pre-tightening force elevates the frictional force on the structural plane, thereby
enhancing the rock’s shear strength. Additionally, the “axial-pressure fastening” effect,
induced by bolt pre-tightening, effectively restrains the expansion and slippage of fractured
surfaces [11-13]. Nevertheless, an excessively high pre-tightening force may promote
fracture development within the anchorage body, diminishing its load-bearing and de-
formation resistance capabilities [14,15]. In essence, maintaining an optimal level of the
pre-tightening force is imperative to avert roadway collapses.

In field construction, due to relatively low pre-tightening torque and friction between
supporting units and other factors, the presence of PTFL (pre-tightening force loss), some-
times reaching 30-50%, is a significant concern [16]. Numerous studies have investigated
the causes and characteristics of PTFL and identified it as a result of various factors, in-
cluding material specifications, friction coefficients, tightening speed, and the number of
support cycles. Under identical pre-tightening torque conditions, friction-reducing mea-
sures can enhance the bolt pre-tightening force by approximately 26.57-77.76% [17,18].
Liu et al. [19] conducted experiments to assess the impact of different lubrication methods
on pre-tightening force variation. Additionally, the influence of factors such as tight-
ening times, lubrication methods, and tightening speed on bolt pre-tightening torque
efficiency has garnered scholarly interest. Zheng et al. [20] examined both initial and
service PTFL in bolts, discovering correlations with pre-tightening force, tightening cycles,
and lubrication methods. Yu [21] investigated the effects of tightening and loosening
cycles, tightening speed, and lubricant types on the friction coefficient, observing that
lubrication significantly impacts the friction and torque-tension relationship in threaded
fasteners. Nassar [22] determined that the tightening speed and coating markedly affect the
torque-tension relationship and wear patterns in threaded fasteners. While most studies
emphasize bolt material properties and friction coefficients, fewer explore other factors
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such as pre-tightening torque levels, tightening cycles, and the degree of surrounding rock
rupture on pre-tightening force.

Extensive research by numerous scholars has delved into the causes and character-
istics of pre-tightening force loss in bolts. These studies have identified several factors
contributing to this loss, including the material specifications of support components,
friction coefficients, tightening speed, and the number of tightening cycles. However, the
majority of existing research has centered on the impact of bolt material properties, dimen-
sional parameters, and tightening cycles on the conversion process of pre-tightening force.
Notably, there is a significant gap in the literature regarding the influence of geological
factors, such as rock fragmentation and rock mass strength, on the pre-tightening process
of bolts. Additionally, current studies lack comprehensive cause analysis and effective
solution methods for pre-tightening force loss encountered in practical settings.

To address these gaps, this paper aims to elucidate the primary factors contributing
to pre-tightening force loss, incorporating field tests that consider engineering conditions,
geological factors, and construction environments. Our research focuses on the 2308 return
air roadway in the Xiahuo Coal Mine, serving as the engineering context. Initially, we
analyze the characteristics of pre-tightening force loss and its detrimental effects on soft
rock roadways under complex tectonic stress. Subsequently, through field testing, we
uncover the internal relationships between pre-tightening torque levels, surrounding rock
roughness, pre-tightening frequency, and pre-tightening force loss. Lastly, we demonstrate
the critical role of reducing pre-tightening force loss (PTFL) in controlling the surrounding
rock of roadways through practical engineering applications.

2. Engineering Background
2.1. General Geology

The Xiahuo Coal Mine, situated in Changzhi City, Shanxi Province, China, is charac-
terized by complex geological conditions. Notably, the mine is heavily influenced by faults
and collapse columns, resulting in soft and fragmented rock surrounding its roadways.
This complexity poses significant challenges for roadway support, particularly in the 2308
return air roadway. Within a 200 m radius north and south of this roadway, there are four
collapse columns, and the Zhujiazhuang syncline is situated approximately 1000 m south
of the roadway entrance (see Figure 2a). The 2308 return air roadway’s No. 3 coal seam has
a buried depth of 451 m, a thickness of 4.65 m, and a dip angle of 3.5° (see Figure 2b).
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Figure 2. Layout of the 2308 return air roadway and histogram of roof-floor of coal seam: (a) layout
of No.2308 return air roadway; (b) coal seam stratum synthesis histogram.
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During the excavation of the 2308 return airway, a specific technique involving tunnel-
ing beneath the roof was employed, progressing at an approximate rate of 9.0 m per day.
Significantly, the tunnel’s surrounding area lacks other coal mining or tunneling activities,
minimizing disturbances from such operations. Additionally, geological assessments have
classified the Xiahuo Coal Mine as seismically stable, indicating the negligible impact of
rock mass vibration on the effectiveness of anchor bolt support.

The supporting section of the 2308 return air roadway is shown in Figure 3. The
rectangular roadway was excavated along the roof of the coal seam, and the roadway size
was 5.6 m X 4.0 m (width X height). The support structure employs a “bolt-mesh-cable”
combination: the bolts are $22 mm x 2400 mm; the plates are $170 mm x 10 mm arched
steel; the designed pre-tightening torque is set at 300 N-m. For anchoring, resin agents
MSK2335 and MSZ2360 were utilized.
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Figure 3. Diagram of the support section of the 2308 return air roadway.

2.2. Analysis of Failure Characteristics of Roadway

Figure 4 presents the deformation observed at a distance of 120 m from the 2308
return air roadway. Four points A, B, C and D respectively represent the displacement
monitoring points of the roof, floor and two sides of the roadway respectively. Analysis of
the data indicates that in the initial 28 days following excavation, termed the “deformation
development stage”, the roadway experienced an average roof-to-floor deformation rate of
6.0 mm/day and a side-to-side deformation rate of 4.9 mm/day. Beyond this period, in
what is referred to as the “deformation stability stage”, cumulative deformations of 209 mm
in the roof-to-floor direction and 170 mm in the side-to-side direction were recorded. This
data collectively underscores a prolonged period of significant self-stabilization, ultimately
leading to considerable deformation in the roadway. The primary factors contributing to
this severe deformation include the following: (1) the complex tectonic stress resulting
from the development of collapse columns and faults; (2) the low-strength sandy mudstone
composition of the roadway’s roof and floor; (3) substantial loss of bolt pre-tightening force.

Further research reveals that when the pre-tightening torque is set to 300 N-m under
actual field conditions, most bolts achieve an actual pre-tightening force ranging between
40 kN and 60 kN. This represents only 51% to 77% of the theoretical value (78 kN). Con-
sequently, in the context of PTFL, the bolt and surrounding rock in the soft rock roadway
struggle to form a timely, synergistic anchorage-bearing body due to the complex tectonic
stress. Moreover, the biaxial stress state of the excavated roadway largely remains unaf-
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fected, thereby diminishing the bolt’s reinforcement impact on the bearing capacity of the
surrounding rock.
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Figure 4. Deformation monitoring results of surrounding rock in the 2308 return air roadway.

(Four points A, B, C and D respectively represent the displacement monitoring points of the roof,
floor and two sides of the roadway respectively.)

As shown in Figure 5, an examination of the surrounding rock within the 0.0 m to
1.0 m range from the 2308 return air roadway roof reveals significant fragmentation, leading
to a reduced bearing capacity in the rock mass. Between 1.0 m and 4.0 m, the rock mass
appears comparatively intact, although some sections display less-developed longitudinal
fractures. At a depth of 4.5 m, a distinct separation layer becomes evident between the
immediate and main roofs. Furthermore, from 5.0 m to 10.0 m, the rock mass shows a
high degree of integrity. Owing to PTFL, the bolts are unable to effectively constrain the
deformation of the surrounding rock. This results in subsidence in both the shallow and
deep rock strata, culminating in the formation of a pronounced separation layer at a depth
of 4.5 m from the roof.
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Figure 5. Borehole observation results of roof strata in the 2308 return air roadway.

The loss of pre-tightening force does have an impact on the deformation and failure
of the roof stratum as depicted in Figure 5. This phenomenon occurs because the actual
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pre-tightening force is lower than the designed value due to this loss. Consequently, the
bolt’s effectiveness in suppressing crack development and adjusting stress distribution
diminishes. This results in increased deformation in the shallow surrounding rock and
subsequent failure in the deeper strata, as evidenced by the fractured rock in the shallow
roof (0-1.0 m) and the roof stratification in the deeper section (4.5 m).

3. Material and Methods

The primary equipment utilized for the field test includes an anchor drilling rig,
bolts, trays, an anchor dynamometer, and a torque wrench, among others. The following
experimental equipment are purchased from Shandong Yinheng Technology Co., Ltd.,
Jinan, China. A brief overview of the experimental equipment is as follows:

(a) The MQT-130/3.2 pneumatic anchor drill operates at a rated air pressure of 0.5 mPa
and a rotational speed of 230 r/min, with a maximum torque of approximately 130 N-m.
The drilling tools employed are B19 hexagonal rods and ®28 mm two-wing PDC drill bits.

(b) The 22 x 2400 mm bolt has a yield load of 127 kN. MSK2335 and MSZ2360 resin
anchoring agents were used onsite with an anchoring length of 600 mm.

(c) The MCS-400 bolt dynamometer has a pressure measurement range of 0~400 kN.
The NA-500N torque wrench, used for bolt pre-tightening, can apply a maximum torque of
500 N-m.

In the field test conducted approximately 120 m from the entrance of the 2308 return
air roadway, specific protocols were followed. Three anchoring holes were drilled at
20 m intervals on the left side of the roadway. Bolts B1-B3 were then installed in each
anchorage hole. After a 30 min anchoring period, varying levels of pre-tightening torque
(as listed in Table 1) were applied to the ®22 mm x 2400 mm left screw-thread steel bolts
using a torque wrench. The MCS-400 bolt dynamometer monitored the pre-tightening
force values under each torque level. To prevent gasket deformation from influencing
the results (as depicted in Figure 6), no friction-reducing gasket was placed between the
nut and the 125 mm x 125 mm x 10 mm arched plate. Additionally, to reduce data errors
due to operational mistakes, each bolt underwent pre-tightening three times following a
specific scheme. The corresponding pre-tightening force values were recorded as F; (initial
pre-tightening force), F,, and Fs.

Table 1. Correspondence between pre-tightening torque and theoretical pre-tightening force.

Pre-tightening torque/N-m 130 160 190 220 250
Theoretical pre-tightening force /kN 33.8 41.6 49.4 57.2 65

: ‘ i A\ ‘
XA %
Ball shaped gasket 4 w &
Tightening nut

'
“, gy, < 00
s

Torque wrenches

Anchor dynamometer

Figure 6. Bolt pre-tightening equipment and process.
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4. Experimental results
4.1. Relationship between Bolt Pre-Tightening Force and Bolt Pre-Tightening Torque

Figure 7 illustrates the variation curves of the average pre-tightening force for Bolts B1
to B3 as a function of changing pre-tightening torque. As demonstrated in Figure 7, a linear
increase in the average pre-tightening force for all three bolts is observed with increasing
pre-tightening torque. However, Bolt B2 exhibits relatively poorer linearity compared to
Bolts B1 and B3. Under identical pre-tightening conditions, the average pre-tightening force
for Bolts B1, B2, and B3 varies as follows: from 33.2 kN to 65.2 kN, 30.32 kN to 43.28 kN,
and 31.43 kN to 55.0 kN, respectively, when the pre-tightening torque is increased from
130 N-m to 250 N-m. This indicates a significant variability in the efficiency of converting
pre-tightening torque into pre-tightening force among different bolts.

64 L —=— XH-BI-F,, F=027xM-0.97
—e—XH-B2-F,, {F,=0.11xM+16.76

R —&— XH-B3-F,, F,=0.19x M +5.1
2 56
“.E
@"48 -
st
<

40 -

32

1 1 1 1 1 1 1 1

120 140 160 180 200 220 240 260
Pre-tightening torque (N-m)

Figure 7. Relationships and fitting curves between pre-tightening torques and average pre-
tightening force.

The fitting curves in Figure 7 suggest a relationship between the average pre-tightening
force of the bolt and the pre-tightening torque, which can be described by the follow-
ing equation:

F=aM(x)+ b @D

Here, F denotes the average pre-tightening force of the bolt, and M represents the pre-
tightening torque. The coefficient 2 symbolizes the torque conversion coefficient, affected
by factors such as the magnitude of the pre-tightening torque, the number of pre-tightening
cycles, and friction reduction methods. The term b represents a constant, indicating the
intercept of the fitting curve. The fitting results are consistent with the research conclusions
of Chen and Hu et al. [23,24].

For Bolts B1, B2, and B3, the respective values of a are 0.27, 0.11, and 0.19, indicating
that the torque conversion efficiencies of the bolts follow the order Bl > B3 > B2, with
an average a value of 0.19. Referencing literature [25,26], the theoretical a value for a
$22 mm x 2400 mm left screw-thread steel bolt is 0.26. This reveals that the actual torque
conversion efficiency of the bolts in the Xiahuo Coal Mine is approximately 30% lower than
the theoretical value.

The experimental findings revealed that Bolt Bl experienced no pre-tightening force
loss, while anchor Bolts B2 and B3 showed significant pre-tightening force loss. This can
be attributed to the high smoothness of the surrounding rock surface at the location of B1,
allowing for a close fit of the tray against the rock surface. As a result, a minimal friction
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torque was generated by lateral compression between the supporting components, leading
to a substantial reduction in friction during the pre-tightening process and thus minimal
pre-tightening force loss for Bolt B1. In contrast, the surrounding rock at the locations of
Bolts B2 and B3 exhibited poor flatness, resulting in an increased friction coefficient between
the supporting components and a corresponding reduction in torque conversion efficiency.

4.2. Analysis of Loss Behavior of Bolt Pre-Tightening Force
4.2.1. Characteristics of Initial Bolt Pre-Tightening Force Loss

Figure 8a presents a comparison diagram of the initial pre-tightening force loss
(PTFL), displaying the initial pre-tightening force (F;) of the bolts alongside the theo-
retical pre-tightening force (Fiheory). The initial pre-tightening force loss rates, repre-
sented as 17 = (Fipeory = F1)/ Fineory, under different pre-tightening torques are illustrated
in Figure 8b. From Figure 8a and b, it is evident that the initial pre-tightening force can be
categorized into two stages: a stage with a low pre-tightening force loss rate and a stage
with a high pre-tightening force loss rate, with 170 N-m serving as the boundary. In the
range of 130~170 N-m, the F; values of the three bolts approximate Fineory, resulting in ini-
tial PTFL values ranging from —3.4 kN to 4.26 kN and a maximum loss rate of 10.23%. At a
higher pre-tightening torque of 190~250 N-m, the deviations between F; values and Fipeory
widen, with the initial PTFL values ranging from —4.8 kN to 15.34 kN and the maximum
loss rate increasing to 23.59%. This suggests that the pre-tightening force loss rate escalates
with the rise in pre-tightening torque. As shown in Figure 8¢, for every 30 N-m increase
in pre-tightening torque, the average PTFL of the bolts increases by 1.67 kN. In this study,
the pre-tightening force loss coefficient is defined as k = AF,,/AM, where k quantifies the
impact of the pre-tightening torque level on PTFL. Using this formula, the pre-tightening
force loss coefficient for the bolts in the 2308 return air roadway of Xiahuo Coal Mine is
calculated to be 0.056.

70 25+
* I XH-B1-n1/%
20} [ XH-B2-n2/%
[ XH-B3-n3/%

23.59

Stage 1: Lower lossiStage 2: Higher loss

o
)
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v
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Figure 8. Comparison of the initial pre-tightening force of Bolts B1-B3 and their losses: (a) variation
of initial pre-tightening force; (b) initial pre-tightening force loss rate; (c) histogram of average
pre-tightening force loss variations.
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4.2.2. Characteristics of Bolt Pre-Tightening Force Loss under Repeated Pre-Tightening

The dynamics of PTFL under repeated pre-tightening are depicted in Figure 9a—c,
where the curves illustrate the variations in pre-tightening force, and the histograms
represent the differences between F; and F, (AF1y AFj, indicating the PTFL from the first to
the second pre-tightening) and between F; and F3 (AF;3 AF3 representing the PTFL from
the second to the third pre-tightening) for each bolt.
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Figure 9. Characteristics of different bolt pre-tightening force losses under repeated pre-tightening:
(a) Bolt B1; (b) Bolt B2; (c) Bolt B3.

As Figure 9 demonstrates, when the pre-tightening torque remains constant, the order
of pre-tightening force for the three bolts is consistently F; > F, > F3. This pattern suggests
that the pre-tightening force decreases with an increase in the number of pre-tightening
cycles, thereby implying that repeated pre-tightening exacerbates the initial PTFL. The
histogram data further reveal that the PTFL values for Bolts B2 and B3 are generally higher
than those for Bolt B1, indicating that Bolts B2 and B3 experience a greater increase in initial
PTFL due to repeated pre-tightening. Nonetheless, as the number of pre-tightening cycles
increases, the rate of change in PTFL gradually diminishes, and the pre-tightening force
tends to stabilize.

5. Discussion

This research underscores the critical role of several factors in the occurrence of PTFL,
namely, the roughness of the surrounding rock, the number of pre-tightening cycles, and
the level of pre-tightening torque. Based on the results obtained, the following discussion
aims to identify the primary controlling factors and elucidate the underlying mechanism
of PTFL.
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5.1. Influence of Roadway Surrounding Rock Roughness on Pre-Tightening Force Loss

The experimental conditions, including the bolt type, anchorage condition, and experi-
mental operations, were kept consistent. However, it was observed that the bolts located at
different positions along the roadway exhibited varying torque conversion efficiencies and
pre-tightening force loss rates. This indicates that the surface roughness of the roadway
plays a significant role in the occurrence of PTFL in bolts. Furthermore, it was noted that
the roadway surface at Bolt B2 exhibited the highest roughness among the bolts. Corre-
spondingly, it also displayed the highest pre-tightening force loss rate, reaching 23.6%.
This observation further confirms the influence of surrounding rock conditions on the
pre-tightening force of bolts.

Despite maintaining consistency in experimental conditions, including bolt type,
anchorage condition, and operational procedures, notable variations in torque conversion
efficiency and pre-tightening force loss rates were observed among the bolts positioned at
different locations along the roadway. This variability highlights the significant impact of
roadway surface roughness on the PTFL in bolts. Particularly, the roadway surface at the
location of Bolt B2, which exhibited the highest roughness, correspondingly displayed the
highest pre-tightening force loss rate of 23.6%. This finding further confirms the influence
of surrounding rock conditions on bolt pre-tightening force.

The primary cause for this phenomenon, as observed in this experiment, is that
uneven surfaces of the roadway surrounding rock prevent the plate from aligning parallel
to the rock surface. This misalignment results in additional contact and lateral extrusion
between the bolt and the self-aligning ball gasket, between the bolt and the plate, and
be-tween the bolt and the nut thread (see Figure 10). Such interactions generate extra
side pressure, leading to additional friction torque between the bolt and other supporting
components, thereby contributing to the PTFL during bolt pre-tightening [27,28]. As the
surface roughness of the roadway surrounding rock increases, the angle between the bolt
and the supporting units enlarges, proportionally increasing the bending moment and
additional friction torque of the bolt. Utilizing trigonometric functions, the maximum tilt
angle between the tray and the bolt can be calculated. Given a bolt diameter of 22 mm and
a tray center hole diameter of approximately 24 mm, the maximum tilt angle is estimated
to be 9-10°. Research [29] indicates that with an applied torque of 70 N-m and a bolt
inclination ranging from 2° to 4°, the resulting PTFL varies between 3.94% and 16.3%,
aligning with the findings of this study.

Surface roughness of w i
surrounding rock

‘ Rubbing

surface

Figure 10. Field conditions of surrounding rock on the roadway surface: (a) surface roughness of
surrounding rock; (b) bolt-plate extra friction; (¢) bolt-nut extra friction.
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5.2. Influence of Tightening Times on Pre-Tightening Force Loss

In the Xiahuo Coal Mine, the theoretical and actual torque conversion coefficients
for Bolts B1 to B3 are reported as 0.26 and 0.19, respectively. This discrepancy indicates a
reduction in the pre-tightening torque conversion efficiency of approximately 30%. Prior
research has identified the material specifications of supporting units and the friction
between these units as key factors affecting torque conversion efficiency [30,31]. In this
experiment, the omission of a friction-reducing gasket between the nut and the plate serves
a dual purpose. Firstly, it eliminates the potential influence of gasket deformation on the
results. Secondly, it increases the friction coefficient between the supporting units, leading
to a decrease in the effective translation of pre-tightening torque into pre-tightening force,
thereby elevating the initial PTFL.

Figure 11a illustrates the microscopic damage characteristics on the bolt surface after
initial prestressing, revealing slight wear. In contrast, Figure 11b shows that the same
material bolt, after undergoing five cycles of repeated pre-tightening, exhibits significant
surface wear. This results in an increased friction coefficient between the supporting com-
ponents, corroborating the variation trend depicted in Figure 11c. This figure demonstrates
a logarithmic increase in the friction coefficient with each additional pre-tightening cycle.
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Figure 11. Damage characteristics of the material surface and variation of friction coefficients under
repeated pre-tightening: (a) nut is tightened once; (b) nut is tightened for five times; (c) variation of
friction coefficient.

The rise in the friction coefficient between the supporting units can be attributed to
factors identified in previous studies [19,32]. Repeated screwing of the nut increases wear
and roughness on the surfaces of both the bolt and the nut. Furthermore, the repeated
pre-tightening process generates a higher amount of sloughed-off scrap iron due to friction
between the supporting units. Additionally, the oxide layer on the surface of these units
is compromised. Consequently, the friction coefficient between the bolt and nut thread
increases by approximately 0.08, and the coefficient between the nut and the plate increases
by about 0.1. However, as the number of pre-tightening cycles increases further, the degree
of wear and damage between the supporting units approaches saturation, leading to a
deceleration in the growth rate of the friction coefficient. This phenomenon is primarily
responsible for the observed reduction in PTFL when the bolt undergoes repeated pre-
tensioning.

5.3. Influence of Pre-Tightening Torque Level on Pre-Tightening Force Loss

Some researchers [33] have classified the range of low pre-tightening torque as being
between 58 N-m and 190 N-m. Within this range, specifically from 130 N-m to 190 N-m,
the maximum loss rate of bolt pre-tightening force is reported at 10.23%. In the high
pre-tightening torque range of 190 N-m to 250 N-m, this loss rate escalates to 23.59%.
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These findings demonstrate that the loss rate of initial pre-tightening force escalates with
an increase in pre-tightening torque, a trend that becomes more pronounced at higher
torque levels. This phenomenon can be attributed to two primary factors. First, under
high pre-tightening torque, the augmented friction between the nut and the plate leads to a
reduced efficiency in torque conversion. Second, the bolt undergoes a tensile deformation
of 1 mm to 2 mm due to the high pre-tightening force [34], increasing the PTFL as the bolt
tension grows.

In conclusion, the principal cause of PTFL is the friction between the supporting
components. Specifically, as the bolt applies pre-tightening torque through nut tightening,
the friction between the nut and tray diminishes torque conversion efficiency. Additionally,
under high pre-tightening torque conditions, the rock bolt is subject to relaxation deforma-
tion over time, which significantly contributes to the PTFL. Furthermore, when the surface
roughness of the surrounding rock is suboptimal, the tray cannot be firmly installed against
the rock surface. This misalignment results in lateral compression between the bolt, nut,
and tray, generating additional friction torque and thereby exacerbating the PTFL.

6. Preventive Actions and Engineering Application
6.1. Method of Reducing Pre-Tightening Force Loss

(1) The PTFL of bolts is predominantly influenced by the friction between supporting
units and the conditions of the roadway’s surrounding rock. To optimize the installation
process and enhance the efficiency of pre-tightening torque conversion, it is recommended
to install the plate as parallel to the surrounding rock surface as possible. This alignment
minimizes the potential for inclined contact and subsequent generation of additional friction
torque between the supporting units. Further efficiency can be achieved by incorporating a
friction-reducing gasket with desirable plasticity and a low friction coefficient between the
nut and the plate, reducing friction and thereby improving torque conversion. Additionally,
the application of lubricating oil between the nut and bolt thread can significantly reduce
friction, further enhancing the conversion efficiency of pre-tightening torque into pre-
tightening force.

(2) Bolts subjected to continuous high-level pre-tightening force are prone to gradual
tensile deformation. This deformation can lead to a deterioration in the proximity between
the plate and the rock, impairing the effective transmission of anchoring force to the
bolt. Moreover, pre-tightening force may diminish over time due to stress redistribution
following the excavation of surrounding rock. To mitigate these effects, a second pre-
tightening of the bolt during the initial support stage is recommended, ideally within
8 to 12 h after the first pre-tightening [35]. This timely intervention can help maintain the
efficacy of the anchoring system.

(3) Maintaining an appropriate level of pre-tightening force is crucial for ensuring
an effective load-bearing interaction between the bolt and the rock in the initial support
stage. However, it is important to recognize that excessively high pre-tightening force can
exacerbate the loss of pre-tightening force, necessitating a higher torque to achieve the
desired force level. This increased demand may place additional strain on the material
and strength of the bolt. To ensure safe and cost-effective roadway anchor support, it is
essential to find a balance between the desired pre-tightening force and its potential loss,
while also taking into account material costs and other factors. A well-considered approach
to this balance can lead to optimal and efficient roadway anchor support that satisfies both
safety and economic considerations.

6.2. Engineering Application and Effect of Preventive Actions

In the realm of bolt support, the typically designed pre-tightening force is set between
60% and 80% of a bolt’s yield load. This study focuses on ®22 mm x 2400 mm left-
hand threaded steel anchor bolts, which exhibit a yield load of approximately 127 kN.
Consequently, the pre-tightening force is designed at 78 kN, corresponding to a torque
conversion coefficient of 0.26. For the specific case of the Xiahuo Coal Mine, the pre-
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tightening torque was initially calculated to be 300 N-m. However, given the actual torque
conversion coefficient of about 0.19, an increase to 360 N-m is recommended to compensate
for the potential loss in pre-tightening force, thereby ensuring the efficacy of bolt support.

To validate the proposed measures for mitigating pre-tightening force loss, a section
spanning 250 m to 350 m within the 2308 return air roadway was selected for empiri-
cal verification. As delineated in Figure 12a, the selected section was divided into two
50 m-long test sections, i.e., the No. 1 test section and the No. 2 test section. During the
pre-tightening of the bolts, no specific measures were implemented in the No. 1 test section,
whereas in the No. 2 test section, pre-tightening measures were taken. For both sections,
lubricating oil was applied to the nut and bolt. The surrounding rock at the anchorage hole
was smoothed, and the bolts were pre-tightened once again after 12 h of the initial pre-
tightening. Furthermore, as shown in Figure 12b, mine pressure monitoring stations were
strategically positioned at the midpoint of each test section. As illustrated in Figure 12¢
and d, these stations played a crucial role in measuring the stress and surface displacement
of the bolts, thereby facilitating an evaluation of the impact of pre-tightening techniques on
the management of surrounding rock stability.
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Figure 12. Layout of the test roadway and the mine pressure monitoring station: (a) field test sections;
(b) layout monitoring stations; (c) bolt pressure monitor; (d) surface displacement monitor.

6.2.1. Monitoring Results of Roadway Displacement

In this investigation, roadway deformation is categorized into three stages based
on deformation velocity. The rapid deformation stage is defined by velocities exceeding
8 mm/d, while velocities ranging from 2 mm/d to 8 mm/d are considered indicative
of the slow deformation stage. Velocities below 2 mm/d signify the stable deformation
stage. As shown in Figure 13a and b, roadway deformation patterns under various pre-
tightening conditions display similar trends. Initially, following roadway excavation, rapid
deformation of the surrounding rock is observed. As excavation progresses, this rate
of deformation steadily decreases. A notable observation is the onset of deformation in
the No. 1 test section on the 30th day post-excavation, compared to the 21st day in the
No. 2 test section. This difference underscores the efficacy of pre-tightening measures in
significantly reducing the pre-tightening force loss, accelerating the effectiveness of bolt
support, moderating stress redistribution, and diminishing the self-stabilization duration
of the roadway in its early excavation phase.
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Figure 13. Roadway surface displacements under different pre-tightening measures: (a) roadway
deformation in No. 1 test section; (b) roadway deformation in No. 2 test section.

During the stable deformation stage, the roof-to-floor and side-to-side displacements
in the No. 1 test section were 210 mm and 165 mm, respectively. In contrast, these
displacements in the No. 2 test section were notably less at 142 mm and 93 mm. This
translates to a reduction in roadway displacement by 32.4% and 43.6%, respectively, as a
result of implementing pre-tightening measures.

6.2.2. Monitoring Results of Bolt Stress

Figure 14a and b demonstrate that in the initial phase of support, the self-stabilizing
durations for the pre-tightening force in the two test sections are 15 days and 10 days, respectively.
This finding indicates that the application of pre-tightening measures effectively shortens the
period required for the bolt to fully realize its support and load-bearing capabilities.
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Figure 14. Bolt pressure curves under different pre-tightening measures: (a) bolt pressure in No. 1
test section; (b) bolt pressure in No. 2 test section.

Table 2 presents data highlighting the significant influence of pre-tightening measures
on the initial pre-tightening force of bolts installed in the roof and on the left and right sides
of the roadway in the No. 2 test section. These forces show increases of 71.0%, 34.2%, and
37.1%, respectively. However, it is important to note that the final readings of these forces
exhibit a decrease of 13.3%, 9.5%, and 10.5%, respectively. Therefore, the implementation of
pre-tightening measures not only augments the initial pre-tightening force of the bolts but
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also contributes to a reduction in stress during the stable stage. This dual effect enables the
bolts to provide effective support more promptly and helps in mitigating the convergence
of the surrounding rock in the roadway during the early stages of support.

Table 2. Bolt stresses under different pre-tightening measures.

Initial Pre-Tightening Force/kN Stabilized Pre-Tightening Force/kN
Location  Ng 1Test No.2Test Increasing No.1Test No.2Test Decreasing

Section Section Rate Section Section Rate
Roof 31 53 71.0% 105 91 —13.3%
Left side 38 51 34.2% 84 76 —9.5%
Right side 35 48 37.1% 76 68 —-10.5%

7. Conclusions

This study conducted a comprehensive field test to investigate the characteristics of
bolt pre-tightening force loss (PTFL) and its impact on mine safety and efficiency. The
primary findings from the Xiahuo Coal Mine are summarized as follows:

(1) The analysis reveals that under the complex tectonic stresses characteristic of the
Xiahuo Coal Mine, the actual pre-tightening force of bolts amounts to only 51% to 77% of
the theoretical value. This pronounced PTFL significantly undermines the collaborative
load-bearing synergy between the bolts and rock, resulting in a marked deformation of the
2308 return air roadway.

(2) There exists a linear relationship between the pre-tightening force and torque of the
bolt. However, it is observed that the efficiency of converting pre-tightening torque to pre-
tightening force diminishes by approximately 30%, influenced by factors such as friction
between support units, roadway surface roughness, the magnitude of pre-tightening force,
and the frequency of tightening.

(3) The loss coefficient of pre-tightening force is defined as k = AF,,/AM in this paper.
It is found that with each 30 N-m increment in pre-tightening torque, the average PTFL for
bolts increases by 1.67 kN. Furthermore, the maximum loss rates of the initial pre-tightening
force at the low and high pre-tightening force stages are 10.23% and 23.59%, respectively.

(4) The primary factor contributing to PTFL is identified as the friction between
supporting components. In the realm of roadway support engineering, several measures
can be adopted to mitigate the PTFL. These include reducing friction, increasing pre-
tightening torque, ensuring snug contact between the tray and surrounding rock, and
minimizing the number of pre-tightening cycles. Such measures can effectively lessen the
stress on bolts during the deformation stabilization stage of the roadway and expedite the
process of stress redistribution in the surrounding rock.
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