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Abstract In coal mining roadway support design, the working resistance of the rock bolt is the key factor affecting its
maximum support load. Effective improvement of the working resistance is of great significance to roadway support. Based
on the rock bolt’s tensile characteristics and the mining roadway surrounding rock deformation, a mechanical model for
calculating the working resistance of the rock bolt was established and solved. Taking the mining roadway of the 17102 (3)
working face at the Panji No. 3 Coal Mine of China as a research site, with a quadrilateral section roadway, the influence of
pretension and anchorage length on the working resistance of high-strength and ordinary rock bolts in the middle and
corner of the roadway is studied. The results show that when the bolt is in the elastic stage, increasing the pretension and
anchorage length can effectively improve the working resistance. When the bolt is in the yield and strain-strengthening
stages, increasing the pretension and anchorage length cannot effectively improve the working resistance. The influence of
pretension and anchorage length on the ordinary and high-strength bolts is similar. The ordinary bolt’s working resistance
is approximately 25 kN less than that of the high-strength bolt. When pretension and anchorage length are considered
separately, the best pretensions of the high-strength bolt in the middle of the roadway side and the roadway corner are
41.55 and 104.26 kN, respectively, and the best anchorage lengths are 1.54 and 2.12 m, respectively. The best anchorage
length of the ordinary bolt is the same as that of the high-strength bolt, and the best pretension for the ordinary bolt in the
middle of the roadway side and at the roadway corner is 33.51 and 85.12 kN, respectively. The research results can provide
a theoretical basis for supporting the design of quadrilateral mining roadways.

Keywords Working resistance of rock bolt - Pretension - Anchorage length - Ordinary bolt - High-strength bolt -
Quadrilateral section roadway

1 Introduction

Deep mining is the norm in China. In a high-stress envi-
ronment, the mining roadway often shows the character-
istics of large deformation, so the deep mining roadway
often requires higher support strength. As one of the main
factors influencing support strength, effectively improving
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the working resistance of rock bolts has been a key
research problem in mining engineering. To improve
driving speed, mining roadway cross-sections are often
rectangular, trapezoidal, or quadrilateral. However, the
concentration of stress in the corners of quadrilateral cross
sections is inevitable. The special stress distribution of the
surrounding rock leads to different mechanical properties
of the bolt in the middle of the roadway side and in the
roadway corners.

As the key parameters of the bolt support design,
anchorage length and pretension have a direct impact on
the working resistance. Based on field engineering practice,
physical experiment results, and theoretical reasoning
analysis, many scholars at home and abroad have carried
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out in-depth research on anchorage length and pretension
from different angles, and have achieved certain research
results. However, these results are only applicable to cir-
cular, oval, and other regular cross section roadways.
Because of the large difference in the deformation and
stress distribution of the surrounding rock between the
quadrilateral cross section roadway and circular, elliptical,
and other regular cross section roadways, many important
research results are not suitable for quadrilateral cross
section roadways.

Regarding the research on the influence of pretension on
the mechanical properties of rock bolts, some of the main
results are as follows: Wang et al. (2020) found that high
bolt pretension force and mesh stiffness are of great sig-
nificance for improving the bearing capacity of anchor
mesh in coal, especially to reduce the degree of extrusion
deformation and severe damage area. Aziz et al. (2018)
carried out a set of simple shear tests on fully sealed cable
bolts using the newly developed integrated megabolt shear
apparatus. They found that increasing the pretension load
reduces the peak shear load of the cable bolt. Ma et al.
(2019) improved an analytical model to predict the shear
stress of rock bolts by taking into account the pretension,
axial forces, and interfacial bond stress. Kocakaplan and
Tassoulas (2020) examined the torsional response of a
pretensioned bolt. They showed how the pretension level
affected the response of the bolt. Jalalifar et al. (2006)
found that the bolt resistance to shear is influenced by the
rock strength and the profile of the bolt, and that an
increase of the shearing load is the result of increasing the
bolt pretension.

Regarding the research on the characteristics of the
influence of the anchorage length on the mechanical
properties of bolts, some of the main results are as follows:
Xu and Tian (2020) found that in the elastic stage of the
bolt, an increase in the anchorage length contributes to an
increase in the shear stress and in the ultimate shear stress.
Using the distinct element method, Che et al. (2020) per-
formed rock bolt pullout tests on soft rock. They found that
the longer the rock bolt embedment length and greater
confining pressure, increases the peak load. Wang et al.
(2018) found that when the anchorage length of the bolt is
fixed, the effective compressive stress area in the sur-
rounding rock of the non-anchored portion increases with
the increase of the pretension. Chang et al. (2020) defined
the surrounding rock stability index and then studied the
stability of the surrounding rock with different anchorage
lengths. They found that the full-length anchoring bolt
support reduces the area of instability to a greater extent,
compared to the end-anchoring bolt support. Zou and
Zhang (2019) studied the dynamic evolution characteristics
of bond strength between bolt and rock mass under axial
tensile load, and the mechanical behavior of fully grouted

bolt considering the uneven surrounding rock stress around
the bolt. Wu et al. (2018) studied the tensile behavior of
rock masses reinforced by fully grouted bolts and rein-
forced rock masses, and proposed an empirical method to
predict the strength of rock masses reinforced by fully
grouted bolts. Other research results are as the works of
Chen et al. (2021), Batugin et al. (2021), and Smith et al.
(2019).

In conclusion, although many papers have useful
research results, there are few papers considering the shape
of the roadway cross section, and research on the influence
of pretension and anchorage length on bolt anchorage
mechanical characteristics is relatively small. In this paper,
a mechanical model for calculating the bolt working
resistance is proposed by referring to previous research
results. Based on the bolt tensile curve and the surrounding
rock displacement distribution, the mechanical model can
comprehensively reflect the influence characteristics of
pretension, anchorage length, roadway cross section shape,
surrounding rock stress conditions, and surrounding rock
lithology on the bolt working resistance. The analytical
solution of the mechanical model is given by using the
complex function method proposed by Muskhelishvili
(1953), Manh et al. (2015), Feng et al. (2014), Kargar et al.
(2014) and Shen et al. (2017). Taking the 17102 (3)
working face mining roadway at the Pansan Coal Mine in
the Huainan mining area as the engineering background,
the influence of pretension and anchorage length on the
working resistance of the high-strength bolt and the ordi-
nary bolt in the middle of the roadway side and the road-
way corner in the quadrilateral section roadway is studied.
Finally, this paper summarizes the research results and
provides conclusions.

2 Mechanical model for calculating rock bolt
working resistance

A schematic diagram of the driving roadway is shown in
Fig. 1. When the tunneling machine cuts out the complete
roadway section, the rock bolt is installed immediately to
support the roadway. Its position is shown as point A in
Fig. 1. Here, the surrounding rock has a small deformation
under the support of the coal seam in front of it. Compared
with the later deformation of the surrounding rock, the
deformation can be ignored. When the bolt is far away
from the driving working face, as shown in point B, the bolt
is affected by the surrounding rock deformation and the
bolt axial force changes. The mechanical model for cal-
culating the bolt working resistance can be established by
analyzing the stress of the bolt at points A and B.

A stress diagram of the bolt is shown in Fig. 2. Here,
represents the length of the borehole, /; represents the
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Fig. 1 Schematic diagram of driving working face

anchorage length, T, represents the pretension, 7 represents
the bolt working resistance, point C is at the edge of the
anchorage agent, point D represents the borehole point of
the rock wall, and [, I, I3, and l4 represent the non-an-
chorage lengths under different rock mass conditions.

In the state shown in Fig. 2a, the surrounding rock is not
deformed, and the bolt is not preloaded; i.e., the bolt axial
force is 0. The rock mass state shown in Fig. 2b is based on
the rock mass state shown in Fig. 2a, and the pretension is
applied to the bolt, i.e., the actual stress condition of the
bolt at point A. In this rock mass state, the bearing plate
squeezes the rock wall and causes the rock wall to deform
slightly, which leads to the non-anchorage length /; to be
smaller, and it is represented by Il,. Figure 2c shows a
hypothetical state in which the surrounding rock deforms,
but the axial force in the bolt is assumed to be 0. The
difference between the state shown in Fig. 2c and that
shown in Fig. 2a is only that the surrounding rock in the
state shown in Fig. 2c has been deformed. Owing to the
deformation in the surrounding rock, the non-anchorage
length /; is usually lengthened, and the non-anchorage
length is represented by /3. Figure 2d shows the actual
stress situation of the bolt at point B, which can be obtained
by the superposition of the rock mass state shown in
Fig. 2b, c. Because of the surrounding rock deformation,
the non-anchorage length /; becomes longer, and the non-
anchorage length is represented by ;. Because the non-
anchorage length changes from /; to I4, the strain and axial
force of the bolt increase.

When there is no stress in the surrounding rock and no
pretension is applied to the bolt, the relationship between
ls, i, and [; is as shown in Fig. 2a, as follows:

Io=1 +1 (1)

When there is no deformation of the surrounding rock,
the bearing plate will produce a squeezing force on the
surrounding rock after the pretension is applied. This force
is equal to the pretension, and the direction is opposite, as
shown in Fig. 2b. The function g is used to represent the
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reduced part of the non-anchored section under the action
of the squeezing force. The function g is as follows:

g(To) =14 -1 (2)

The function f is used to represent the constitutive
relation of the bolt. The function f takes the bolt strain as
the independent variable and the bolt axial force as the
dependent variable. The following relationship exists:

To = f(e1) 3)

In Eq. (3), & represents the bolt strain before the
deformation of the surrounding rock. It is assumed that the
bearing plate does not exert pressure on the rock wall after
the deformation of the surrounding rock, and the non-an-
chorage length is /3, as shown in Fig. 2c. When the sur-
rounding rock is deformed, the bolt axial force changes and
the bolt axial force is called the bolt working resistance 7.
When the pressure T is applied to the rock wall by the
bearing plate, the non-anchorage length is /4, as shown in
Fig. 2d. In the same way as in Eq. (2), it can be concluded
that

gT)=5L—1 (4)

Concurrently, the relationship between 7 and the strain
& of the bolt after the surrounding rock deformation is as
follows:

T =f(e) (5)

According to the simple geometric relationship and the
stress characteristics of the bolt in Fig. 2b, d, the following
relationship can be obtained:

l
& = nd +e& —1 (6)
L
Combine Egs. (1)—(6), organize, and simplify to obtain:
I —g(T) —1 )
T=fl—"+<+ Ty) — 1 7
f(zs—zt—gm)) S 7

In Eq. (7), [ and /; are known quantities; the constitutive
relation f can be obtained by the bolt tensile test; the
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Fig. 2 Schematic diagram of bolt force
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function g and I3 can be obtained by the mechanical
method. Then, by solving Eq. (7), the bolt working resis-
tance 7 can be obtained.

2.1 Constitutive model of the bolt

The bolt axial force T’ is the main factor influencing the
effect of the bolt support, but the bolt diameter has little
effect on it. Therefore, the axial force—strain curve (T’ — ¢
curve) is used to describe the constitutive relationship of
the bolt. The T’ — ¢ curve can be divided into compression
and tensile processes. The compression process can be
divided into the compression elastic stage, compression
yield stage, and compression strain-strengthening stage.
The tensile process can be divided into the tensile elastic
stage, tensile yield stage, tensile strain-strengthening stage,
and fracture stage. The T’ — ¢ curve is approximately an
inclined straight line at the tensile and compression elastic
stages. It is approximately a horizontal line in the com-
pression and tensile yield stages. It is approximately an arc
in the tensile and compression strain-strengthening stages
(Goodno and Gere 2017). Moreover, the axial force is 0 in
the fracture stage. The constitutive model is shown in
Fig. 3.

In Fig. 3, T, represents the ultimate tensile strength, T
represents the ultimate tensile yield strength, Ty represents
the ultimate compression yield strength, &, represents the
ultimate tensile strain, &y represents the ultimate com-
pression strain, ¢, represents the starting point of the tensile
strain-strengthening stage, and &, represents the starting
point of the compression strain-strengthening stage. The
curve shapes of the tensile elastic stage, tensile yield stage,
tensile strain-strengthening stage, and fracture stage were
determined by bolt tensile tests. The bolt material has the

Compression process

following mechanical characteristics: the compression and
tensile elastic stages, the compression and tensile yield
stage are symmetrical to the origin. This characteristic can
be expressed as follows:

T, =Ty

& = & (8)
VA |

& = &y

According to Eq. (8), the compression elastic stage and
compression yield stage of the bolt can be supplemented by
the tensile elastic and yield stages. Under actual working
conditions, compression deformation usually does not
occur, even if compression deformation occurs, and the
amount of compression deformation is also very small.
Therefore, the compression strain-strengthening stage was
not considered. The function f is used to represent the
constitutive relation of the bolt, as shown in Fig. 3. The
function f is as follows:

T =f(e) ©)

In Eq. (9), ¢ is the axial strain of the bolt. The piecewise
function and Fourier series can be used to fit Eq. (9).

2.2 Solution of function g

The rock wall is simplified as a semi-infinite body, and the
force of the bearing plate on the surrounding rock is sim-
plified as a uniform load in the circular area. To simplify
the calculation process, it is assumed that the bearing plate
has no shear effect on the rock wall, and the force of the
bearing plate on the rock wall is shown in Fig. 4.

In Fig. 4, r represents the radius of the equivalent circle
of the bearing plate area and p represents the equivalent
load of the working resistance. The calculation method is
as follows:

Tensile process

T T T T T

T, Fr=rrmrs Tensile yield stage —-—-=-=-=-=
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Fig. 3 Constitutive model of the bolt
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Fig. 4 Force of the bearing plate on the rock wall

S

Iy = —

V= (10)

PZE

In Eq. (10), S represents the bearing plate area. The
displacement in the z-direction of the mechanical model
shown in Fig. 4 is as follows:

+00 1 —
u,(r,72) zlﬂ/ ! 4= Jo(kr)Jy (kr)e “di
G Jy 2

(11)

In Eq. (11), G represents the shear modulus of the sur-
rounding rock; v represents the Poisson’s ratio of the sur-
rounding rock; functions Jy and J; represent the Bessel
function of the first kind with orders 0 and 1, respectively;
additionally, x and represents the integral variable.
According to simple geometric relations:

g(T) = MZ(O, ll) - MZ(O, O) (12)
By substituting Eqs. (1), (10), and (11) into Eq. (12),
and simplifying, we obtain the following results:
T +00
T =——- 2v—1) = 2(v—=1) +x(l, — I
) == [ = D=0 )+ elh-1)

et} A0 g
2K

(13)
It can be seen from Eq. (13) that the function value g(7)
is positively proportional to the working resistance 7.

2.3 Calculation method of non-anchorage length /3

The deep underground roadway can be regarded as an
opening in an infinite rock mass. The surrounding rock

Fig. 5 Mechanical model of quadrilateral roadway

pressure conditions are expressed by the vertical pressure
oy, horizontal pressure oy, and shear stress 7. The stress
model of the roadway is shown in Fig. 5.

The complex variable function method proposed by
Muskhelishvili is used to solve the displacement distribu-
tion law (Muskhelishvili 1953). The displacement distri-
bution of the surrounding rock in the quadrilateral roadway
belongs to the plane strain problem. The displacement of
the surrounding rock can be determined by two complex
functions ¢(z) and ¥(z). They take the following forms:

?(2) 1 @& Feo(6),
2aiw(é) (14)
Y(z) = + (&)

In Eq. (14), the complex functions ¢,(&) and ¥, (&)
represent analytic functions satisfying the Cauchy-Rie-
mann condition, and they can be expanded into a Taylor
series; the value of o is shown in Eq. (18); the function

__ov+ony

(ov — on)’+412 - ¢

(&) is a conformal mapping function; ¢ = p-e is a
complex variable.
ov — ou + 1/ (oy — on ) 4472

= arct 15
o = arctan > (15)

The conformal mapping function can be obtained
according to the algorithm proposed in Nazem et al.
(2015), Challis and Burley (1982), DeLillo et al. (1997),
Nasser and Al-Shihri (2013) and Amano et al. (2012). The
analytic functions ¢y(¢) and (&) can be obtained by
boundary conditions (Muskhelishvili 1953). The analytic
solutions of the complex functions ¢(z) and (z) can be
obtained by substituting the analytic functions ¢,(¢) and
Vo (&) into Eq. (14). According to the complex functions
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¢@(z) and (z), the displacement distribution can be
obtained as follows:

. B e70i~a)/(é)
561w Q)]
- ((3 — 4@ - ;L’((?) o0 — w‘@) (16)

The displacement distributions u, and uy are based on
the curvilinear coordinate system determined by the con-
formal mapping function w(&). The displacement distri-
bution in the curvilinear coordinate system needs to be
transformed into a rectangular coordinate system. From
differential geometry, the directional cosine matrix from
the curvilinear coordinate system to the rectangular coor-
dinate system can be obtained as follows:

[ax @yr [ax 6x]T
op Op 20 20

Cee Jore]

The displacement distributions in the rectangular and
curved coordinate systems can be converted as follows:

2o

Using Eq. (18), the non-anchorage length /3 can be
obtained according to a simple geometric relationship, as
follows:

L=1
/b, 0) — (o, 00) P+ 1y (o B) — ity (o, O)
(19)

In Eq. (19), (pc,0c) and (pp, Op) represent the coordi-
nates of points C and D in the ¢ plane, respectively.

T

3 Results and Discussion

Based on the mining roadway of the 17102 (3) working
face in the Pansan Coal Mine of the Huainan Mining Group
as the engineering background, the influence of pretension
and anchorage length on the working resistance is studied.
The cross section of the mining roadway is quadrilateral,
and the rock bolt support scheme is adopted, as shown in
Fig. 6. The main bolt-supporting parameters are as follows:
five bolts are installed on the high side with a spacing of
800 mm; four bolts are installed at the low side with a
spacing of 800 mm; seven bolts are installed on the roof
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with a spacing of 750 mm. All the bolts are high-strength
bolts with a length of 2500 mm and a diameter of 22 mm.
Concurrently, other supporting materials such as anchor
cables, anchor nets, and steel belts are used. Taking bolt A
as an example, the influence of pretension and anchorage
length on the bolt in the middle of the roadway side is
studied. Taking anchor bolt B as an example, the influence
of pretension and anchorage length on the bolt in the
roadway corner is studied.

According to the in situ stress test results, the vertical
stress oy 1s 16.8 MPa, the horizontal stress oy is 13.3 MPa,
and the shear stress 7 is 0.5 MPa. The roof and floor of the
17102 (3) working face are both composed of mudstone
and sandy mudstone, which have mechanical properties
similar to those of the coal seam and are combined.
According to the results of the rock mechanics test, the
shear modulus of the surrounding rock G is 1.22 GPa and
the Poisson’s ratio v is 0.23.

3.1 Constitutive model of the high-strength bolt
and the ordinary bolt

Taking the high-strength and ordinary bolts as the test
samples, the tensile test of the bolt was carried out using
the WAW-2000 universal testing machine, and the T’ — ¢
curve was obtained. The diameter of the high-strength bolt
is 22 mm, and that of the ordinary bolt is 20 mm. Six high-
strength bolts and six ordinary anchors were selected. To
facilitate the test experiment, a total of 12 specimens were
randomly cut from each bolt with a length of 750 mm. The
tensile test of the bolts is shown in Fig. 7, and the broken
bolts are shown in Fig. 8.

The fitting results of the T’ — ¢ curve for all specimens
and the constitutive model are shown in Fig. 9, and the key
parameters of the tensile curve for all specimens are shown
in Table 1. It can be seen from Fig. 9 that the 7' — & curve
trend for all bolt specimens is the same, and there is no
abnormal change. Regardless of the necking stage of the
bolt, the bolt is broken when it enters the necking stage.
The constitutive model of the bolt in the tensile stage can
be fitted from the T’ — ¢ curve obtained from the test. The
constitutive model of the bolt in the compression stage can
be calculated according to Eq. (8). The elastic stage of the
bolt is fitted by an inclined straight line, the yield stage of
the bolt is fitted by a horizontal line, and the strain-
strengthening stage of the bolt is fitted by a second-order
Fourier series. The fitting results of the constitutive model
of the high-strength bolt are shown in Eq. (20), and that of
the ordinary bolt are shown in Eq. (21).
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Fig. 6 Schematic diagram of the roadway support
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Fig. 7 Tensile test of bolts
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The root mean squared error (RMSE) of the constitutive
models (Egs. (20) and (21)) are 2.233 and 1.994,

Ordinary bolt

Ordinary bolt

s

Fig. 8 Picture of broken bolts

respectively, and the coefficients of determination (R?) are
0.9830 and 0.9816, respectively. The RMSE of the con-
stitutive models is relatively small, and the R-square is
close to one, showing that the fitting effect of the consti-
tutive models is good, which can be used for follow-up
research.

3.2 Influence of 7 and /; on the high-strength bolt’s
T in the middle of the roadway side

Taking bolt A as an example, the variation curve of the
working resistance T of the high-strength bolt in the middle
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Fig. 9 Test results and bolt constitutive model
Table 1 Tensile test results of specimens
Bolts Specimens T(kN) Ty (kN) & €, &b
High-strength bolt 1 148.2 219.2 0.01240 0.02160 0.2582
2 147.7 216.3 0.01398 0.02085 0.2539
3 149.5 222.1 0.01418 0.02170 0.2293
4 145.6 220.6 0.01376 0.02040 0.2084
5 140.8 213.7 0.01298 0.01866 0.2117
6 145.0 213.7 0.01355 0.01990 0.2209
Average 146.1 217.6 0.01348 0.02052 0.2304
Ordinary bolt 1 123.7 180.3 0.01281 0.02801 0.2278
2 118.5 176.8 0.01183 0.01480 0.2182
3 119.7 181.2 0.01388 0.01723 0.1939
4 119.0 182.9 0.01369 0.01881 0.2484
5 119.5 177.5 0.01334 0.01487 0.1999
6 120.0 177.5 0.01395 0.01607 0.2090
Average 120.1 179.4 0.01325 0.01830 0.2162

of the roadway side is obtained, as shown in Fig. 10. To
facilitate the later comparative analysis, the key points of
the working resistance curve are marked in Fig. 10. The
pretension 7, and anchorage length /; at the key points are
listed in Table 2. The locations of the key points are shown
in Fig. 12. The subscript 1 indicates that these points are
related to bolt A. The function of the key points is to
distinguish the bolt stage (whether elastic, at yield, or
strain-strengthening).

@ Springer

In Fig. 10, the working resistance in the light yellow
area is less than the yield strength 7, and the bolt is in the
elastic stage. In the light pink area, the working resistance
is greater than the yield strength 7§, and the bolt is in the
strain-strengthening stage. According to the change in the
bolt stage with anchorage length, the working resistance
curves under different pretension conditions can be divided
into five categories. After calculation, the pretension ranges
of different types of working resistance curves, the change
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Fig. 10 Curves of the high-strength bolt’s T in the middle of roadway side with different Tj values

Table 2 Parameters of the key points shown in Fig. 10

Parameters Ay B, C D E,
To (kN) 0 41.55 75.23 27.96 23.39
I(m) 1.54 0 0 2.5 2.17

of bolt stage with the increase in anchorage length, and the
example curve in Fig. 10 are shown in Table 3.

Figure 10 shows that the variation rules of the working
resistance curves of different types are the same in the
elastic, yield, and strain-strengthening stages. In the elastic
stage, the working resistance increases linearly and the
working resistance curves under different pretensions are
mostly parallel. Moreover, in the elastic stage, the growth
rate of the working resistance mostly remains unchanged
under different pretension conditions. In the yield stage, the
working resistance does not change. Notably, the working
resistance cannot be improved by increasing the anchorage
length in the yield stage. In the strain-strengthening stage,
the working resistance first increases and then decreases.
When the anchorage length is approximately 2.2 m, the
working resistance reaches its maximum value. The overall
variation range of the working resistance is relatively small

in the strain-strengthening stage. This shows that increas-
ing the anchorage length cannot effectively improve the
working resistance in the yield stage. When the anchorage
length is larger than point Ay, i.e., [; > 1.54 m, the bolt is in
the yield stage or the strain-strengthening stage, regardless
of the pretension value. With an increase in the anchorage
length, the working resistance increases slowly, and a
continuous increase in the anchorage length cannot effec-
tively improve the working resistance. Therefore, under the
engineering conditions of this paper, the best anchorage
length of the high-strength bolt in the middle of the road-
way side is 1.54 m without considering the pretension.

When the anchorage length [; is different, the change
trend of the working resistance with the increase in pre-
tension is shown in Fig. 11. It can be seen from Fig. 11 that
when the anchorage length is different, the working resis-
tance increases monotonically with the increase in pre-
tension. According to the change in the bolt stage, the
working resistance curves can be divided into two cate-
gories. After calculation, the anchorage length range of the
different types of working resistance curve, the change of
bolt stage with the increase in pretension, and the example
curve in Fig. 11 are shown in Table 4.

Table 3 High-strength bolt’s T-curve classification with different pretensions in the middle of roadway side

Curve categories Pretension ranges (kN)

Stages of bolts with different anchorage lengths

Example ranges (kN)

1 0-23.39 Elastic stage — Yield stage 0-20

1I 23.39-27.96 Elastic stage — Yield stage — Strain-strengthening stage — Yield stage 25

I 27.96-41.55 Elastic stage — Yield stage — Strain-strengthening stage 3040

VI 41.55-75.23 Yield stage — Strain-strengthening stage 50 and 60
v > 75.23 Strain-strengthening stage 80 and 100
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Fig. 11 Curves of high-strength bolt’s 7 in the middle of roadway side with different /, values

Figure 11 shows that the variation rules of the working
resistance curves of different types are the same in the
elastic, yield, and strain-strengthening stages. In the elastic
stage, the working resistance increases linearly with
increasing pretension, and the working resistance curves
with different anchorage lengths are mostly parallel. The
results show that in the elastic stage, the working resistance
growth rate with increasing pretension is fundamentally the
same under the condition of different anchorage lengths. In
the yield stage, the working resistance does not change.
Notably, in the yield stage, increasing the pretension can-
not improve the working resistance. When the bolt is in the
strain-strengthening stage, the working resistance increases
monotonically with increasing pretension, but the increase
range is relatively small. When the pretension is greater
than point B, ie., Ty > 41.55kN, regardless of the
anchorage length, the bolt is in the yield stage or strain-
strengthening stage. With increasing pretension, the
working resistance increases slowly, and the effect of the
continuously increasing pretension on improving the
working resistance is limited. Therefore, under the engi-
neering conditions of this paper, without considering the
anchorage length, the best pretension for the high-strength
bolt in the middle of the roadway side is 41.55 kN.

Under the combination of the pretension 7 and
anchorage length [, the stage of the high-strength bolt in
the middle of the roadway side is shown in Fig. 12.

Concurrently, the positions of the working resistance
curves for different types are indicated in Fig. 12. It can be
seen from the analysis in Figs. 10 and 11 that when the bolt
enters the yield and strain-strengthening stages, the effect
of increasing pretension and anchorage length on improv-
ing the working resistance is not evident. Considering the
relationship between construction cost and the supporting
effect, the boundary line between the elastic stage and the
yield stage can be used as the best combination curve for
the pretension and anchorage length. It can be seen from
Fig. 12 that the best combination curve of pretension and
anchorage length is approximately a straight line.

3.3 Influence of pretension and anchorage length
on the working resistance of the high-strength
bolt at the roadway corner

Examining the behavior of bolt B, the variation curve of
the working resistance T of the high-strength bolt at the
roadway corner with an increase in the anchorage length [,
is obtained when the pretension T is different, as shown in
Fig. 13. To facilitate the comparative analysis, the key
points of the working resistance curve are marked in
Fig. 13. The pretensions T and anchorage lengths /; at the
key points are listed in Table 5. The locations of the key
points are shown in Fig. 12. The subscript 2 indicates that
these points are related to bolt B.

Table 4 High-strength bolt’s T-curve classification with different anchorage lengths in the middle of roadway side

Curve categories Anchorage lengths (m)

Stages of bolts with different pretensions

Example ranges (m)

I 0-1.54
11 > 1.54

Elastic stage — Yield stage — Strain-strengthening stage
Yield stage — Strain-strengthening stage

0-1.50
1.75-2.50
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Fig. 12 High-strength bolt stage under different combinations of T
and /; in the middle of roadway side

Figure 13 shows that under the different pretension
conditions, the variation trend of the working resistance at
the roadway corner is mostly the same as that in the middle
of the roadway side. According to the change in the bolt
stage with increasing anchorage length, the working
resistance curves under the different pretension conditions
can be divided into four categories. The pretension range
and the change in the bolt stage with the increase in the
anchorage length and the example curves in Fig. 13 are
shown in Table 6.

The variation law of the working resistance curve at the
roadway corner and in the middle of the roadway side is
essentially the same in each stage. In the elastic stage, the
working resistance exhibits a nonlinear monotonic
increasing trend, and the growth rate increases with the

Table 5 Parameters of the key points in Fig. 13

Parameters Ay B, C, D, E, F,
To(kN) 0 104.26 133.72 47.43 0 0
Is(m) 2.12 0 0 2.5 2.28 2.38

anchorage length. The results show that when the bolt is in
the elastic stage, the working resistance can be greatly
improved by increasing the anchorage length. In the yield
stage, the working resistance of the bolt does not change. In
the strain-strengthening stage, the working resistance first
increases and then decreases. When the anchorage length is
2.3 m, the working resistance of the bolt reaches its max-
imum value. Under the engineering conditions of this
paper, when the pretension is not considered, the best
anchorage length of the high-strength bolt at the roadway
corner is 2.12 m.

When the anchorage length /; is different, the variation
trend of the working resistance of the high-strength anchor
bolt at the roadway corner with the increase in pretension
Ty is shown in Fig. 14. According to the change in the bolt
stage with increasing pretension, the working resistance
curve can be divided into three categories. After calcula-
tion, the different anchorage lengths and bolt stage changes
with the increase in pretension as well as the example
curves in Fig. 14 are shown in Table 7.

Figure 14 shows that in the different stages, the varia-
tion law of the working resistance at the roadway corner
and in the middle of the roadway side is the same. After
calculation, in the elastic stage, the slope and growth rate
of the working resistance of the bolt in the roadway corner
is mostly the same as that of the bolt in the middle of the
roadway side. Compared with Figs. 11 and 14, it can be

180 T T _
Tenslie strain-strengthening stage k- TO ~ 130kN
_ | T 135K
4 T T0 =120 kN
s
S A T =105 kN
Q D 0
E 2 T, =90 kN
§ T0 =75kN
%0 T0 =60 kN
é Tensile elastic —_ T0 =45 kN
z stage
T =30kN
2 60 1 [
= —— TO =15kN
- T =0kN
30 ) :
0 0.5 1 2 2.5

The anchorage length lt (m)

Fig. 13 Curves of the high-strength bolt’s T on the roadway corner with different 7; values
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Table 6 High-strength bolt’s T curve classification with different pretensions at the roadway corner

Curve categories Pretension ranges (kN)

Stages of bolts with different anchorage lengths

Example ranges (kN)

1 0-47.43 Elastic stage — Yield stage — Strain-strengthening stage — Yield stage 0-45
11 47.73-104.26 Elastic stage — Yield stage — Strain-strengthening stage 60-90
11T 104.26-133.72 Yield stage — Strain-strengthening stage 105 and 120
VI > 133.72 Strain-strengthening stage 135 and 150
180 T T
Tensile strain-strengthening stage ' i 4 [,=0.00m
~ ;2 (B, F) =" | /-02m
.\5/150 e e —— . :*—*—*—*—MT *I[:O'Som
~ N T : [ =0.75m
8 B, C lt
Q =
2 1207 2 | ,=1.00m
Rz l[ =125m
e l[ =1.50m
N
£ 90k 1 [ =175m
R t
g Tensile elastic stage 41 =2.00m
2 60 - | < 1,=225m
- —~+1-230m
o/ =250m
30 ‘ I I t

0 30 60

90 120 150

The pretension T0 (kN)

Fig. 14 Curves of high-strength bolt’s T on corners with different /; values

seen that when the combination of pretension and
anchorage length is the same, the working resistance of the
bolt at the roadway corner is smaller than that in the middle
of the roadway side. Under the engineering conditions of
this paper, when the anchorage length is not considered, the
best pretension at the roadway corner is 104.26 kN.

Under the combination of the different pretensions T
and anchorage lengths /;, the stage of the high-strength bolt
at the roadway corner is shown in Fig. 15. Concurrently,
the positions of the working resistance curves of different
types are indicated in Fig. 15. It can be seen from Fig. 16
that the best combination curve at the roadway corner is
different from that in the middle of the roadway side. The
best combination curve at the roadway corner is an arc
shape, and that of the bolt in the middle of the roadway side
is approximately a straight line.

3.4 Evolution law of the working resistance
of the ordinary bolt

By changing the constitutive model and taking the bolt in
the middle of the roadway side as an example, the influence
of the pretension 7, and the anchorage length /; on the
ordinary bolt is analyzed. The variation curve of the
working resistance with increasing anchorage length I,
under different pretension 7 values is obtained, and the
variation curve of the working resistance of the ordinary
bolt and the high-strength bolt is shown in Fig. 16. Under
the condition of different anchorage length [ values, the
variation curve of the working resistance with increasing
pretension 7 is obtained, and the curve of the working
resistance of the ordinary bolt and the high-strength bolt
with increasing pretension is shown in Fig. 17. The best

Table 7 High-strength bolt’s T-curve classification with different anchorage lengths at the roadway corner

Curve categories Anchorage lengths (m)

Stage of bolts with different pretensions

Example ranges

1 0-2.12 Elastic stage — Yield stage — Strain-strengthening stage 0-2.00
11 2.12-2.28 and 2.38-2.50 Yield stage — Strain-strengthening stage 2.25 and 2.50
1 2.28-2.38 Strain-strengthening stage 2.30
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combination curve of the pretension and anchorage length
of the ordinary anchor bolt in the middle of the roadway
side and at the roadway corner is shown in Fig. 18.

It can be seen from Figs. 16 and 17 that the influence of
pretension and anchorage length on the ordinary and high-
strength bolts is similar. Under the same conditions, the
working resistance of the ordinary bolt is approximately 25
kN less than that of the high-strength bolt. Additionally,
Fig. 18 shows that the best combination curve shape of the
ordinary and high-strength bolts is the same, that of the bolt
in the middle of the roadway side is approximately a
straight line, and that of the bolt at the roadway corner is a
circular arc. The best anchorage length for the ordinary and
high-strength bolt is the same, the bolt in the middle of the

roadway side is 1.54 m, and the bolt in the roadway corner
is 2.12 m. Under the engineering conditions of this paper,
the best pretension for the ordinary bolt is less than that of
the high-strength bolt. The best pretension of the ordinary
bolt in the middle of the roadway side is 33.51 kN, and that
of the ordinary bolt in the roadway corner is 85.12 kN.

4 Conclusions

To study the influence of pretension and anchorage length
on the working resistance of the rock bolt, a mechanical
model for calculating the working resistance is proposed
based on the tensile characteristics of the rock bolt. The
analytical solution of the mechanical model is obtained
using the complex function method. The influence of pre-
tension and anchorage length on the working resistance of
the ordinary bolt and the high-strength bolt in different
parts of the roadway is analyzed. The conclusions are as
follows:

(1) Based on the tensile curve of the bolt, the constitu-
tive model of the bolt is determined and then the
mechanical model for calculating the working resis-
tance is established, combined with the displacement
distribution law of the mining roadway surrounding
rock. The model can comprehensively reflect the
influence of pretension, anchorage length, roadway
section shape, surrounding rock deformation, and
surrounding rock lithology on the bolt working
resistance.

When the bolt is in the elastic stage, increasing
pretension and anchorage length can effectively

@
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Fig. 16 Curves of the ordinary bolt’s 7 in the middle of roadway side with different 7y values
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improve the working resistance. After the bolt enters
the yield and strain-strengthening stages, the work-
ing resistance cannot be effectively improved by
increasing the pretension and anchorage length.
Under the engineering conditions of this paper,
when pretension is not considered, the best anchor-
age length for the high-strength bolt in the middle of
the roadway side and in the roadway corner is 1.54
and 2.12 m, respectively. When the anchorage
length is not considered, the best pretension is
41.55 and 104.26 kN, respectively.

The influence of pretension and anchorage length on
the ordinary and high-strength bolts is similar. When
the pretension and anchorage length are similar, the
working resistance of the ordinary anchor is

3

@ Springer

approximately 25 kN less than that of the high-
strength bolt. Moreover, the best anchorage length of
the ordinary bolt is the same as that of the high-
strength bolt. Under the engineering conditions of
this paper, when the anchorage length is not
considered, the best pretensions for the ordinary
bolt in the middle of the roadway side and in the
roadway corner are 33.51 and 85.12 kN,
respectively.
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