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Abstract
Traditional dense large-diameter borehole stress load-off techniques reduce the stress levels in the shallow surrounding 
rock, weaken the bearing capacity of the shallow surrounding rock, and greatly deteriorate the shallow surrounding rock 
strength and supporting structure, which is not conducive to maintaining the long-term stability of the roadway. Therefore, to 
address the control problem for the pronounced extrusion deformation in the two sides of a roadway and the overall outward 
movement of the shallow surrounding rock supported by the sides bolts and anchor cables, as well as to comprehensively 
consider the on-site construction conditions of the two sides of a test roadway, stress load-off technology for asymmetric 
hole construction on the two sides of a roadway is proposed. The asymmetric stress load-off technique is a new method; 
while the shallow surrounding rock of the roadway sides is strongly anchored via a full anchor cable support form, a group 
of large stress load-off holes near the deep stress peak line of the roadway sides is excavated to relieve pressure and protect 
the roadway. This technology can transfer the peak stress area of the roadway side deeper into f the surrounding rock without 
deteriorating the shallow surrounding rock strength and damaging the supporting structure. A numerical simulation analysis 
of asymmetric stress load-off on the two sides of the roadway was performed, the stress load-off effect evaluation index was 
established, and the optimal field construction parameters were obtained. The stress load-off parameters obtained from the 
study are applicable to field engineering practice. Mine pressure data reveal that the test roadway remains intact and stable 
during the use period when the asymmetric stress load-off technique is adopted.
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1 Introduction

As the main energy source in China, coal will continue to 
be important for the development of China’s national econ-
omy (Liu and Harpalani 2014; Liu et al. 2020; Sun et al. 
2020; Chang et al. 2021). Studying various technical chal-
lenges in the mining industry is necessary for maintaining 
the healthy development of China’s economy (Fan and Liu 
2019; Liu et al. 2022a; Yang et al. 2021a; Yu et al. 2021a). 
With the increasing energy demand and mining intensity, 
shallow recoverable coal resources are daily decreasing, and 

mining resources are gradually becoming available at greater 
depths (Yu et al. 2019; Batugin et al. 2021; Xie et al. 2015; 
Chen et al. 2021a). The engineering geological environment 
of deep “three high and one disturbance” and sedimentary 
rocks results in the ordinary coal rock mass in the shallow 
part exhibiting creep characteristics at great depths, which 
makes achieving stability control in the surrounding rock in 
deep roadways difficult (Chen et al. 2022; Yu and Li 2020; 
Li et al. 2020, 2022). As an effective means for controlling 
the stability of deep roadways, stress transfer technology 
can improve the stress environment of surrounding rock or 
change its stress distribution. Thus, the peak bearing pres-
sure can be transferred to the deep part of the surrounding 
rock, reducing the fracture range of the surrounding rock and 
maintaining the long-term stability of the roadway (Xie et al. 
2022a, b; Wang et al. 2017; Yu et al. 2021b). In practice, 
stress transfer can achieve a better mine pressure control 
effect than strengthening anchorage and surrounding rock 
grouting modification in some deep high-stress roadways 
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that are very difficult to maintain. Accordingly, domestic and 
foreign researchers have investigated numerous stress load-
off technologies, such as dense boreholes (Zhang et al. 2019, 
2021; Li et al. 2021; Cui et al. 2022; Yin et al. 2023), dense 
slotting (Zuo et al. 2019; Ma et al. 2022), loose blasting (Luo 
et al. 2021; Wang et al. 2022a; Chen et al. 2021b), excava-
tion stress load-off roadways (Yang et al. 2021b; Wang et al. 
2022b), mining liberated seams (Xie et al. 2019; Shang et al. 
2022), and roof cutting and pressure releasing (Liu et al. 
2022b; Zhu et al. 2023; Yue et al. 2022; Zhang et al. 2022), 
to avoid high-stress areas in time and space (Sun et al. 2021).

Among the aforementioned stress load-off technologies, 
the use of dense boreholes or dense slotting stress load-off 
has the advantages of a simple process, convenient construc-
tion, and small engineering quantity, which has been studied 
by many scholars in roadway stress transfer engineering. 
However, in previous dense boreholes or dense slotting 
stress load-off techniques, the shallow surrounding rock of 
the roadway is already in the low-stress area due to plasti-
cization and crushing, and the bearing capacity in this area 
is low; while the shallow surrounding rock relieves pres-
sure and transfers stress via the dense large-diameter bore-
holes, the stress in the shallow surrounding rock will further 
decrease, weakening the bearing capacity of the shallow sur-
rounding rock and significantly deteriorating the strength 
and support structure of the shallow surrounding rock of the 
roadway, which is not conducive to maintaining the long-
term stability of the roadway, as shown in Fig. 1a.

Therefore, it is crucial to study stress load-off control 
technology to prevent damage to the shallow anchorage area 
of the surrounding rock and shift the stress peak area deeper 

during the stress load-off process to maintain the long-term 
stability of the deep stress load-off roadway. Therefore, this 
paper proposes a new stress load-off method (Fig. 1b) that 
allows the shallow surrounding rock of the roadway sides to 
be strongly anchored by a full anchor cable support form and 
large stress load-off holes group near the deep stress peak 
line of the roadway sides to be excavated to release pressure 
and protect the roadway. To prevent negative effects on the 
stability of the shallow part of the surrounding rock the peak 
value of the high bearing stress of two sides of the roadway 
can be transferred to the solid coal side of the stress load-off 
holes via this method, maintaining the long-term stability 
of the roadway. This new method and the traditional dense 
borehole stress load-off method are compared in Fig. 1.

2  Engineering background

2.1  Test roadway overview

The test mine is located in Xingtai City, Hebei Province. 
The test roadway comprises a tailgate of 12 mining areas in 
the test coal mine, located at the second level of the mine, 
with a buried depth of about 690 m. The tailgate is a large 
rectangular coal roadway with a 5 m × 4 m width and height, 
respectively. Mining is underway in the 2-A10 working face, 
and the stopping line of the 2-A10 working face is approxi-
mately 75 m away from the tailgate. The horizontal distance 
between the tailgate centerline and the headgate centerline 
is approximately 30 m. Figure 2 shows the roadway layout.

Fig. 1  Comparison between conventional borehole stress load-off and new hole-constructing stress load-off technology
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The coal mass is located in the area where the test road-
way is soft and fractured, marked by a high degree of crack 
development. The average thickness of the coal seam is 4.24 
m. The immediate roof is siltstone (4.4 m), the main roof 
is fine sandstone (6.48 m), and the immediate floor is fine 
sandstone (0.51 m). The coal mass in the test roadway area 
is weak and fractured. The coal roadway is excavated along 
the roof of the coal seam, and the two sides of the roadway 
undergo continuous large deformation all year round, requir-
ing frequent expansion and renovation. The soft crushing 
characteristics of the coal mass and the renovation of the 
roadway are shown in Fig. 3.

2.2  Initial support method of the test roadway 
and the failure characteristics

Considering the soft crushing characteristics of the coal 
body and the frequent renovation of the roadway, the origi-
nal support adopts the following strong anchoring support 
form.

Roof construction anchor cable beam truss: roof bolts, 
ϕ 22 mm × 2400 mm with a spacing of 0.8 m × 0.8 m were 
installed. Roof anchor cables with a spacing of 1 m × 1.6 m 
and a pretightening force of 130 kN, ϕ 21.8 mm × 10,500 mm, 
were installed. One anchor cable must be paired with three 
square trays with the following dimensions: large tray 
(400 mm × 400 mm), tray (200 mm × 200 mm), and small tray 
(100 mm × 100 mm). Adjacent anchor cables in the same row 
were connected by steel ladder beams, forming an anchor cable 
beam truss structure.

Roadway sides are strongly anchored by a full anchor 
cable support form. Five anchor cables, with a spacing of 
0.8 m × 1.0 m and pretightening force of 130 kN, ϕ 21.8 mm 
× 10,500 mm, were used for each side of the roadway. The 
upper row of anchor cables was tilted upward 15°, and the 
lower row of anchor cables was tilted downward 5°. One 
anchor cable must be paired with three square trays, with the 
following dimensions: large tray (400 mm × 400 mm), tray 
(200 mm × 200 mm), and small tray (100 mm × 100 mm). 
Adjacent anchor cables are connected by steel ladder beams, 

Fig.2  Diagram of the roadway layout

Fig.3  Soft crushing characteristics of the coal mass and the renovation of the roadway a Soft crushing characteristics of the coal mass; b Reno-
vation condition of the roadway
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forming an anchor cable beam truss nets structure. The roof 
and sides of the roadway were reinforced by alternating 
injections of cement slurry using deep and shallow holes. 
The grouting pressure was not less than 3 MPa. The initial 
support scheme is shown in Fig. 4.

However, even with the use of high-strength comprehen-
sive control technologies such as the full anchor cable sup-
port and grouting reinforcement, damage to the support sys-
tem and the continuous large deformation in the surrounding 
rock on roadway sides cannot be avoided. The displacement 
observation results for the two sides of the surrounding rock 
of the test roadway, the stress situation of the anchor cable, 
and the on-site deformation situation are shown in Fig. 5.

2.3  Background of unsymmetrical hole 
construction for stress load‑off

(1) The original high-strength comprehensive control tech-
nology (including full anchor cable active reinforcement 

of the roadway and surrounding rock grouting modifica-
tion technology) cannot effectively control the continu-
ous large deformation of the coal roadway surrounding 
rock. Moreover, applying conventional roadway stress 
load-off technology usually results in damage to the 
shallow rock mass and support structure when releasing 
stress, and it cannot meet the combined requirements of 
stress load-off and roadway protection. Therefore, new 
load-off methods are required to ensure that the shallow 
rock mass and support structure are not affected and 
to transfer the high stress near the roadway to points 
far from the roadway. Accordingly, we propose a new 
stress load-off method that allows the shallow surround-
ing rock of the roadway sides to be strongly anchored 
using the full anchor cable support form and the group 
of large stress load-off holes near the deep stress peak 
line of the roadway sides to be excavated, thus releasing 
pressure and protecting the roadway. The on-site condi-
tions of the test roadway are shown in Fig. 6.

Fig. 4  Initial support scheme of coal roadway a Initial support cross-section drawing; b Initial support planar graph
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Fig. 5  Deformation curve of coal roadway and stress of anchor cable a Displacement observation results of the two sides; b Stress situation of 
the anchor cable; c On-site deformation situation of roadway

Fig. 6  Site conditions of two sides of tailgate
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(2)  Limitations in geological production conditions. The 
absence of a cable in the middle and lower part of the 
left side of the test roadway means that space for hole 
construction is available. However, densely arranged 
pipes are present on the right side of the test roadway, 
which makes direct hole construction from the right 
side of the test roadway impractical. Therefore, con-
sidering the difficulty of hole construction on the right 
side of the test roadway, we propose a new construction 
process of hole construction for stress load-off, which 
involves using fully the floor roadway. This is achieved 
by drilling upward through the rock layers, excavating 
large stress load-off holes group near the deep stress 
peak line on the right side of the roadway to relieve 
pressure and protect the roadway.

3  Numerical simulation analysis 
on unsymmetrical hole‑constructing

3.1  Numerical calculation model establishment 
and simulation plan

To determine the stress load-off parameters of the two 
sides of the coal roadway, a  FLACD3D numerical model for 

asymmetric hole construction for stress load-off on the two 
sides of the deep coal roadway was constructed based on the 
engineering geological conditions of the test roadway (as 
shown in Fig. 7). The axis perpendicular to the roadway is 
the x-axis (taken as 85 m), the axis of the coal roadway is the 
y-axis (taken as 80 m), and the arrangement direction of the 
coal and rock layers is the z-axis (taken as 80 m). Applying 
uniformly distributed loads to the top boundary of the model 
to simulate the weight of the overlying rock layer, the fixed 
velocity of the model remaining boundaries was 0, and the 
lateral pressure coefficient was 1.2. The deformation and 
failure of coal rock layers conform to the Mohr–Coulomb 
strength criterion. The mechanical parameters input for each 
rock layer are listed in Table 1.

3.2  Mechanism and evaluation indicators for hole 
construction for stress load‑off

The proposed stress load-off method allows the shallow sur-
rounding rock of the roadway sides to be strongly anchored 
by a full anchor cable support form when a group of large 
stress load-off holes near the deep stress peak line of the 
roadway sides is excavated to release pressure and pro-
tect the roadway. To prevent effects on the stability of the 

Fig. 7  Numerical calculation model

Table 1  Actual physical and 
mechanical properties of each 
stratum

Note: K is the bulk modulus, G is the shear modulus, C
m

 is the cohesion, σtm is the tensile strength, φ is the 
friction angle, and D is the density

Rock stratum D (kg/m3) K (GPa) G (GPa) φm (°) C
m

 (MPa) σtm (MPa)

Sandy mudstone 2350 6.12 5.0 29 2.6 2.1
Fine sandstone 2620 6.86 5.4 36 3.5 2.6
Siltstone 2652 7.51 6.2 34 3.2 2.1
Coal 1420 2.55 1.6 18 0.9 0.5
Carbonaceous mudstone 2230 7.34 6.0 29 2.9 2.3
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Fig. 8  Typical stress secondary adjustment curve a Plane diagram of stress secondary adjustment; b Stereogram diagram of stress secondary 
adjustment
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shallow part of the surrounding rock, this method can trans-
fer the peak value of the high bearing stress of two sides 
of the roadway to the solid coal side of the stress load-off 
holes, thus maintaining the long-term stability of the road-
way. After the asymmetric hole construction, the stress on 
two sides of the test roadway underwent secondary adjust-
ment, as shown in Fig. 8.

The direct evaluation indicators for the stress load-off 
effect are as follows:

① |h–i|: the distance from the end of the stress load-off 
hole to the original stress peak line; ② σf/σi: the ratio of 
No. 1 stress peak to the original stress peak; ③ σs/σi: the 
ratio of No. 2 stress peak to the original stress peak; ④ s–i: 
the transfer distance of the new stress peak line; ⑤ |i–f|: the 
distance between the original stress peak line and the No. 1 
stress peak line; ⑥ ∇(s–i): the transfer amplitude of the new 
stress peak line.

3.3  Parameters determination of stress load‑off 
on two sides

For the asymmetric stress load-off of the two sides of the 
coal roadway, because hole construction on the right side 
of the coal roadway is performed in the coal pillar between 
the two main roadways, the difficulty of determining the 
parameters of the stress load-off hole on the right side is 
much greater than that of the left side of the coal roadway. 
To limit its length, this paper only studies the method of 
determining the parameters of the right side of the coal road-
way in detail. The parameters of the left side of the roadway 
are determined according to the parameter determination of 
the right side.

3.3.1  Parameters determination of stress load‑off at right 
side

(1)  Position determination of stress load-off hole at right 
side.

  When the roadway was excavated but the stress load-
off hole was not excavated, the peak stress of the right 
side of the roadway was approximately 30 MPa, and the 
peak stress line was approximately 10 m away from the 
right side surface. With the change in the stress load-
off hole location of the right side, the stress curve of 
the roadway side was constantly adjusted, as shown in 
Fig. 9.

  When l = 8 m, h = 14.5 m, and |h–i| = 4.5 m, the stress 
curve of the right side of the roadway presented a single 
peak distribution, the stress peak was approximately 
31.9 MPa, and the stress peak line was 0.5 m from 
the original stress peak line. Therefore, when the stress 
load-off hole was made at this position, the peak value 
and position of the stress peak area at the right side of 

the roadway were almost the same as those before the 
stress load-off hole was made, resulting in ineffective 
stress load-off.

  When l = 11 m, h = 12 m, and |h–i| = 2 m, the stress 
curve of the right side of the roadway exhibited a 
bimodal distribution. However, for the hole construc-
tion, σf/σI = 0.98, |i–f|= 0.5 m; that is, the No. 1 stress 
peak on the right side of the roadway was approximately 
29.4 MPa, and the stress peak line was 0.5 m away from 
the original stress peak line. Noticeably, the peak value 
and position of the stress peak area on the right side of 
the roadway were almost the same as those before the 
hole construction, resulting in ineffective stress load-off.

  When l = 14  m, h = 9.5  m, and |h–i| = 0.5  m, the 
stress curve of the right side of the roadway exhib-
ited a bimodal distribution. In this hole construc-
tion, σf/σi = 0.66, indicating that No. 1 stress peak was 
10.3 MPa lower than the original stress peak, and the 
stress peak reduction rate was 34%; σs/σi = 0.96, indi-
cating that the peak stress of No. 2 was lower than the 
original peak stress; s–i = 6 m, indicating that the new 
stress peak line shifted 6 m to the deeper part of roadway 
side. In addition, the stress level of shallow surrounding 
rock within 7 m of the roadway side was not weakened, 
which can ensure the strong anchoring performance of 
the roadway side anchor cable. Noticeably, the peak 
stress area of the roadway side can be transferred to the 
deep part of the surrounding rock without weakening the 
bearing capacity of the shallow surrounding rock.

  When l = 17 m, h = 7 m, and |h–i| = 3 m, the stress 
curve of the right side of the roadway exhibited a 
bimodal distribution. Although the No. 1  peak stress 
was lower than the original peak stress, σs/σi = 1.1, indi-
cating that the No. 2 peak stress was higher than the 
original peak stress. s–i = 3.5 m, indicating that the new 
stress peak line only shifted 3.5 m to the deeper part of 
the roadway side. Therefore, when constructing a hole 
at this position, the transfer effect of the stress peak 
area on the right side of the roadway is poor.

  When l = 20 m, h = 4.5 m, and |h–i| = 5.5 m, the stress 
curve of the right side of the roadway exhibited a single 
peak distribution, the stress peak was approximately 
28.4 MPa, and the stress peak line coincided with the 
original stress peak line. Therefore, when a hole is 
made at this position, the peak value and position of 
the stress peak area on the right side of the roadway 
are almost the same as those before the hole was made, 
resulting in an ineffective stress load-off.

  The stress distribution curve of the right side of the 
roadway under different hole-constructing conditions 
is shown in Fig. 10a; the stress load-off index under 
different hole construction conditions is shown in 
Fig. 10b.
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(2)  Length determination of stress load-off hole at right 
side.

  With the increase in the length of the stress load-off 
hole on the right side, the stress curve of the roadway side 
was constantly adjusted, and the stress curve of the right 
side of the roadway presented a bimodal distribution. The 
No. 1 stress peak gradually decreased, and its peak line 
gradually approached the right side surface of the road-
way. The No. 2 stress peak increased gradually, and its 
peak line position remains unchanged, that is, s–i = 6 m. 
The specific stress changes are shown in Fig. 11:

  When s = 1.5 m, σf/σI = 1.04, |i–f| = 0.5 m, the No. 1 
peak stress at the right side of the roadway was approxi-
mately 31.3 MPa, which is 1.3 MPa higher than the 
original stress peak value, and the stress peak line was 
0.5 m from the original stress peak line. Noticeably, 
when a hole is created at this position, the peak value 
and position of the stress peak area on the right side of 
the roadway are similar to those before the hole was 
made, resulting in ineffective stress load-off. When 
s = 2.5 m, σf/σI = 0.97, and |i–f| = 0.5 m, the No. 1 peak 
stress at the right side of the roadway was approxi-

Fig. 9  Distribution characteristics of stress curve and nephogram on the right side of roadway changing with the location of hole
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mately 29.1 MPa, which is only 0.9 MPa lower than 
the original stress peak value, and the stress peak line 
is only 0.5 m from the original stress peak line. Notice-
ably, when a hole is made at this position, the peak 
value and position of the stress peak area on the right 
side of the roadway are almost similar to those before 
the hole is made, resulting in an ineffective stress 
load-off. When s = 3.5 m, σf/σI = 0.9, and |i–f| = 1 m, 
the No. 1 peak stress on the right side of the roadway 
was approximately 27 MPa, which is only 3 MPa lower 
than the original stress peak value, and the stress peak 
line was only 1 m from the original stress peak line. 
When a hole is made at this position, the peak value 
and position of the stress peak area on the right side 
of the roadway are similar to those before the hole was 
made, resulting in ineffective stress load-off.

  When s = 4.5 m, σf/σI = 0.86, and |i–f| = 2 m, the No. 1 
stress peak at the right side of the roadway was approxi-
mately 26 MPa, which is only 4 MPa lower than the 
original peak value, and the stress peak reduction rate 
was only 13%. The stress peak line was only 2 m from 
the original stress peak line. When the hole was made 
at this position, the stress load-off capacity was insuf-
ficient.

  When s = 5.5 m, σf/σI = 0.66, |i–f| = 3 m, the No. 1 
peak stress on the right side of the roadway was approxi-
mately 19.7 MPa, which is 10.3 MPa lower than the 
original stress peak value, and the peak stress reduction 
rate was 34%. The No. 1 stress peak line was 3 m away 
from the original stress peak line. Further, σs/σI = 0.96, 
s–i = 6 m, indicating that the No. 2 peak stress was lower 
than the original peak stress, and the new peak stress 
line shifted deeper toward the roadway side by 6 m.

  When s = 6.5 m, σf/σI = 0.63, and |i–f| = 3 m, the No. 1 
peak stress at the right side of the roadway was approxi-
mately 18.8 MPa, which was 11.2 MPa lower than the 
original stress peak, and the peak stress reduction rate 
was 37%. The No. 1 stress peak line was 3 m from 
the original stress peak line. σs/σi = 0.963, s–i = 6 m, 
indicating that the No. 2 peak stress was lower than the 
original stress peak, and the new stress peak line was 
shifted 6 m deeper toward the roadway side.

  The stress distribution curve of the right side of the 
roadway under different stress load-off hole lengths is 
shown in Fig. 12a. The stress load-off index under dif-
ferent stress load-off hole lengths is shown in Fig. 12b

  From the foregoing, when the length of the stress 
load-off hole was between 1.5 and 3.5 m, the peak value 
and position of the stress peak area on the right side of 
the roadway were similar to those before the hole was 
made, resulting in ineffective stress load-off. When the 
length of the stress load-off hole was 4.5 m, the stress 
load-off capacity of the roadway was insufficient. When 
the stress load-off hole length was 5.5 m and 6.5 m, the 
stress in the original peak area greatly decreased, the 
stress peak reduction rate remained largely unchanged, 
and the new stress peak line was transferred to the deep 
part of the surrounding rock by 6 m. Therefore, consid-
ering the construction efficiency, the length of the stress 
load-off hole can be determined to be 5.5 m.

(3) Spacing determination of stress load-off hole on right 
side.

  The stress distribution clouds chart and curves of the 
right side of the roadway with different stress load-off 
hole spacing, as shown in Fig. 13.

Fig. 10  Summary curve and stress release index of stress on the 
right side of roadway for different hole locations. a Summary curve 
of stress on the right side of roadway for different hole locations; b 

Stress release index for changing stress at the right side of roadway 
for different hole locations
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  When j = 5 m and j = 6 m, the roadway side stress 
distribution curve exhibits a double-peak distribution, 
and the No. 1 peak stress of the coal seam in the right 
side of the roadway is approximately equal to the origi-

nal peak stress, resulting in the stress load-off between 
adjacent holes being inefficient. When j = 2 m, 3 m, and 
4 m, the stress between adjacent holes can be effec-
tively released. Therefore, to ensure the stress release 

Fig. 11  Distribution characteristics of stress curve and nephogram on the right side of roadway changing with the hole length
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between adjacent holes, considering economic and effi-
cient hole-construction, a spacing of 4 m is selected. 
In summary, the stress load-off hole parameters of the 
right side of the roadway were determined as follows: 
l = 14 m, s = 5.5 m, and j = 4 m.

3.3.2  Parameter determination of stress load‑off on left 
side

The following points can be established from the analysis 
of stress load-off hole parameters of the roadway right 
side:

(1) The closer the stress load-off hole terminal is to the 
original stress peak line, the better the stress load-off 
effect that can be achieved, and the peak stress area of 
the roadway side can be transferred to the deep part 
of the surrounding rock without weakening the bear-
ing capacity of the shallow part of the surrounding 
rock. Because the peak stress line of the left side of the 
roadway is 10 m from the roadway wall, the distance 
between the terminal part of the stress load-off hole and 
the roadway left side surface was determined as 10 m.

(2)  Increasing stress load-off hole length can significantly 
reduce the stress in the original peak area. The peak 
stress reduction rate was maintained at 34% when the 
stress load-off hole length of the right side was 5.5 m 
and 6.5 m, and the new peak stress line was shifted 
toward the deep part of the surrounding rock by 6 m. 
Considering the construction environment, the stress 

load-off hole length of the left side was determined to 
be 5 m.

(3) When the stress load-off hole spacing was 2–4 m, 
the stress between adjacent holes can be effectively 
released. Therefore, for the left side of the roadway, 
to ensure stress release between adjacent stress load-
off holes and considering economic and efficient hole 
construction, the spacing was set to 4 m.

Considering the above parameters, the stress distribution 
clouds chart and curves before and after hole construction 
for the two sides are shown in Fig. 14.

Noticeably, under these stress load-off hole parameters, 
the peak stresses at the two sides of the roadway are shifted 
deeper toward the surrounding rock without affecting the 
stress in the shallow anchorage area of the two ribs of the 
roadway, thus protecting the stress load-off of the roadway 
space.

4  Engineering application

4.1  Strengthening anchoring parameters 
of shallow surrounding rock

The unsymmetrical hole construction for stress load-off is 
based on the parameters of the original support plan, so the 
anchoring support parameters of the shallow surrounding 
rock in the test roadway are consistent with those presented 
in Sect. 2.2.

Fig. 12  Summary curve and stress release index of stress on the right 
side of roadway under different hole lengths a Stress distribution 
summary curve of the right side of the roadway under different stress 

load-off hole lengths; b Stress load-off index changing under different 
stress load-off hole lengths
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Fig. 13  Distribution characteristics of stress curve and nephogram on the right side of roadway changing with the spacing of hole
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4.2  Method and parameters of unsymmetrical hole 
construction

To prevent strength damage to the coal pillars and headgate 
side, two grouting anchor cables were used to reinforce the 
coal pillars in the main roadway. A φ 21.8 mm × 4500 mm 
grouting anchor cable was selected. The grouting anchor 
cables were spaced at 1000 mm. To excavate large stress load-
off holes group near the deep stress peak line of the roadway 
sides to relieve pressure and protect the roadway, the hole 
parameters on the two sides of the roadway are as follows:

(1)  Hole construction parameters on roadway right side.
  The stress load-off hole was located at a height of 

1.5 m from the headgate floor, and it formed a 35° angle 
with the horizontal plane. The diameter of the external 
small hole was approximately 133 mm, the depth of the 
small hole was approximately 14 m, the length of the 
internal stress load-off hole was approximately 5.5 m, 
and the row spacing of the stress load-off hole was 4 m. 
After the stress load-off holes are constructed, the hole 
should be sealed in a timely manner.

(2)  Hole construction parameters on roadway left side.
  The stress load-off hole for the left side of the coal 

roadway was located 1.5 m from the floor and arranged 
perpendicular to the roadway side. Moreover, the diam-
eter of the shallow small holes was approximately 
133 mm. The outer end of the internal stress load-off 
hole was approximately 10 m away from the roadway 
wall, the length of the large stress load-off hole was 
5 m, and the row spacing of the stress load-off hole 
was 4 m. Considering that the coal discharge from the 
left side was achieved using a shallow small diameter 
drilling channel, a geological steel pipe with a diameter 
of 127 mm was placed into the small diameter drilling 
hole and grouted, and it solidified on the outer side of 
the pipe wall. After the stress load-off holes are con-
structed, the hole should be sealed in a timely manner, 
as shown in Fig. 15.

  A comprehensive control plan for the surrounding 
rock is shown in Fig. 16.

4.3  Field application effect

(1) Surface displacement and anchor cable stress observa-
tion of the two sides of the tailgate.

  By tracking and monitoring three measurement sta-
tions in the tailgate, the surface displacement change 
curves of the two sides of the tailgate and the monitor-
ing results of some anchor cable dynamometers were 
obtained, as shown in Fig. 17. Before the hole for stress 
load-off was constructed, the overall growth rate of the 
surface displacement on the two sides of the test road-
way was higher. However, after the hole for stress load-
off was constructed, the surface displacement rate of 
the two sides of the test roadway gradually decreased 
and eventually stabilized. The stable convergence of 
the two sides of the test roadway was approximately 
120 mm. The data reveal that the overall stability of 
the surrounding rock of the test roadway and the on-site 
applicability were outstanding.

  The stress monitoring data of the anchor cables 
indicate that the initial growth rate of the anchor cable 
stress on the two sides of the test roadway was rela-
tively high. However, after the hole construction for 
stress load-off was completed, the stress environment 
on two sides of the test roadway was improved, and 
the increase rate of the anchor cable stress significantly 
decreased and stabilized, with a stable pressure value of 
203 kN. The stress monitoring data of the anchor cable 
reveal that the stress load-off measures effectively con-
trolled the deformation and failure of the surrounding 
rock, and good support effects were achieved.

(2) Internal cracks in the surrounding rock of the two sides 
and the roof of the coal roadway.

  In addition, on-site testing of the development degree 
of internal cracks in the surrounding rock of the two 
sides and the roof of the coal roadway was conducted 

Fig. 14  Stress distribution nephogram and curve of the two sides of the roadway before and after hole construction under the best parameters
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using a borescope. The results indicate that the integrity 
of the surrounding rock of the roadway roof after taking 
stress load-off measures was good, prominent cracks 
were absent, and the rock layer had good compactness. 
Moreover, the integrity of the shallow anchoring section 

of the roadway sides was good, and pronounced large 
cracks were absent. However, the coal mass within the 
depth range of 10–15 m of the roadway sides had a high 
degree of deformation and damage and had undergone 
significant displacement, as shown in Fig. 18. Applying 

(a) (b)

Fig.15  Hole construction parameters of two sides of the roadway a New support section diagram; b Full anchor cable support form; c New sup-
port planar graph; d Drill pipe and drilling

Fig.16  Comprehensive control technical scheme and construction equipment for surrounding rock of main roadway
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the stress load-off measures, the stress relief holes can 
ensure that the anchoring area in the shallow part of the 
roadway sides will not be damaged, act as a deformation 
buffer space for coal migration under high stress in the 
deep part of the roadway sides, and absorb deformation, 
thus maintaining the long-term stability of the roadway.

(3) Observation of borehole stress gauge readings.
  To monitor the stress changes in the roadway side 

before and after the excavation of the stress load-off 
holes on site, five borehole stress gauges were installed 
on the roadway side for continuous observation. The 
data results are shown in Fig. 19.

Fig.17  Surface displacement change curve of the two sides of the main roadway and the monitoring results of some anchor cable dynamometers. 
a Surface displacement change curve of the two sides; b Monitoring results of some anchor cable dynamometer

Fig. 18  Borehole observation results of surrounding rock of the roadway
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  According to on-site observations, after the exca-
vation of the stress load-off holes, the stress in the 
anchoring area of the roadway side remained almost 

unchanged, the stress in the original peak stress area 
decreased, and the stress on the coal side of the solid 
body of the stress load-off hole increased. The on-site 

Fig. 19  On-site testing of coal body drilling stress before and after the excavation of the stress load-off holes

Fig. 20  Mine pressure monitoring system with expandable water bags a Water filling status of expandable water bags system outside the stress 
load-off hole. b Deformation of the expandable water bags system inside hole
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testing of coal body drilling stress reveals that this tech-
nology ensures a significant stress reduction in the orig-
inal stress peak area and the transfer of the peak area to 
the deeper part of the surrounding rock without affect-
ing the stability of the shallow anchoring zone, which 
is consistent with the numerical simulation results.

(4) Observation of space volume of stress load-off hole.
  To dynamically monitor the closure of the internal 

invisible pressure relief space in real-time, a mine pres-
sure monitoring system with expandable water bags 
was arranged inside the stress unloading hole. The 
water filling status of the expandable water bags system 
outside the stress load-off hole is shown in Fig. 20a.

  As the pressure relief hole gradually deforms 
(Fig. 20b), the pressure of the expandable water bags 
system gradually increases, and the flow rate of the 
flowmeter begins to increase. After 86 d of on-site 
observation, the volume of water flowing out due to 
pressure relief caused by surrounding rock deforma-
tion only accounted for 25% of the original volume, 
the pressure value of the internal bag system was rela-
tively stable, and it stabilized in this state in the later 
stage. Therefore, sufficient pressure relief space for the 
internal hole was still present, and effective pressure 
relief and stability control in the surrounding rock of 
the roadway were achieved.

  The above on-site observation results reveal that 
the test roadway remained intact and stable during its 
use after excavation. The on-site control effect of sur-
rounding rock in the roadway is shown in Fig. 21. In 
summary, the existing comprehensive control measures 
for surrounding rock have been successfully applied 
on-site, and the surrounding rock control effect is good, 
effectively ensuring the long-term safety and operation 
stability of the roadway surrounding rock.

5  Conclusions

This paper proposes unsymmetrical hole construction for 
stress load-off technology at the two sides of a deep roadway, 
which is different from traditional stress load-off methods. 
This technique can avoid further reductions in the stress 
level of shallow surrounding rock and prevent weakening 
the bearing capacity of shallow surrounding rock. The fol-
lowing conclusions are drawn:

(1)  When the roadway is excavated but the stress load-
off hole is not excavated, the peak stress of the right 
side of the roadway is approximately 30 MPa, and the 
peak stress line is approximately 10 m away from the 
right-side surface. The closer the end of the stress load-
off hole is to the peak stress line of the roadway side, 
the more marked is the stress load-off effect. When 
l = 14 m, h = 9.5 m, and |h–i| = 0.5 m, the stress curve 
of the right side of the roadway exhibits a bimodal dis-
tribution, the stress peak reduction rate is 34%, the No. 
2 peak stress is lower than the original peak stress, and 
the new stress peak line shifts 6 m to the deeper part of 
roadway side.

(2) With the length increase in the stress load-off hole, the 
stress curve of the right side of the roadway presents a 
bimodal distribution, the No. 1 stress peak value gradu-
ally decreases, and its peak line gradually approaches 
the right side surface of the roadway. The No. 2 stress 
peak value increases gradually, but its peak line posi-
tion remains unchanged. When the stress load-off hole 
length is between 1.5 and 3.5 m, the peak value and 
position of the stress peak area on the right side of the 
roadway are almost identical to those before the hole 
was made, resulting in ineffective stress load-off. When 
the stress load-off hole length is 4.5 m, the stress load-

Fig. 21  Control effect of surrounding rock of roadway on site
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off capacity of the roadway side is insufficient. When 
the stress load-off hole length is 5.5 m and 6.5 m, a 
significant decrease in stress in the original peak area 
occurs, and the new stress peak line shifts 6 m toward 
the deep part of the surrounding rock.

(3) When j = 5 m and j = 6 m, the roadway side stress dis-
tribution curve exhibits a double-peak distribution, and 
the No. 1 peak stress in the right side of the roadway is 
approximately equal to the original peak stress, result-
ing in a stress load-off inefficiency between adjacent 
holes. When j = 2 m, 3 m, and 4 m, the stress between 
adjacent holes can be effectively released. Therefore, to 
ensure stress release between adjacent holes, consider-
ing economic and efficient hole construction, a spacing 
of 4 m is selected.

(4) The stress load-off parameters obtained from the study 
are applied to field engineering practice. Mine pres-
sure data reveal that after the hole for stress load-off is 
create, the surface displacement rate and anchor cable 
stress of the two sides of the test roadway gradually 
decrease and eventually stabilize. After stabilization, 
the convergence in the two sides of the test roadway is 
approximately 120 mm, and the anchor cable pressure 
is 203 kN. The borehole observation results indicate 
that the integrity of the shallow anchoring section of 
the roadway sides is good, and no pronounced large 
cracks occur, effectively ensuring the long-term safety 
and operation stability of the roadway surrounding 
rock.
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