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Abstract

To solve the problem of large deformation of deep soft rock roadway, taking the soft rock roadway of no. 1 coal mine in New
Shanghai as an engineering example, the deformation mechanism of surrounding rock of deep soft rock roadway is analyzed
by combining theoretical analysis, numerical simulation and field test, and the control countermeasures centering on deep
and shallow dense drilling are put forward. Through theoretical derivation, based on the masonry beam theory, surrounding
rock structure S-R stability principle and composite beam principle, the length, angle, and spacing of deep and shallow dense
drilling are determined. Through numerical simulation, the deformation evolution process of soft rock roadway surrounding
rock after dense drilling pressure relief is reproduced, and the influence of drilling parameters (drilling spacing, dip angle) on
pressure relief effect is analyzed and compared. The field application test and monitoring verify that the deformation control
measures of deep and shallow dense drilling broken roof surrounding rock have a good effect of large deformation control

of soft rock roadway, and provide a new support means for the safety and stability control of soft rock roadway.

Keywords Deep - Soft rock - Large deformation of roadway - Deep and shallow dense boreholes

1 Introduction

With the increasing complexity of coal mining conditions,
the issue of controlling weak roof and floor in the tunnels
has become more prominent. Problems such as significant
deformation and severe fragmentation of the roof and floor,
frequent occurrences of roof and floor bumps, and dif-
ficulties in supporting and maintaining have been widely
observed [1—4]. These issues significantly constrain the safe
and efficient exploitation of deep coal resources.

One effective method for controlling the stability of deep
tunnels is through tunnel destressing [5]. Researchers from
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around the world have conducted extensive studies on in-
tunnel destressing techniques, such as slotting [6], drill-
ing [7], and loosening blasting [8], as well as out-tunnel
destressing techniques, such as destressing galleries [9]
and extraction layer mining [10]. In particular, in-tunnel
destressing techniques weaken the local load-bearing capac-
ity of the surrounding rock and transfer high stresses from
the tunnel perimeter, ensuring tunnel stability.

Common in-tunnel destressing techniques in coal mines
include hydraulic fracturing, deep-hole blasting, and dense
drilling. Among these, dense drilling, which weakens the
immediate roof, is known for its high safety, low cost, and
adaptability. Numerous scholars have extensively studied
drilling destressing techniques. Yi Enbing et al. [11], for
instance, conducted an analysis of the effects of large-diam-
eter drilling destressing on both soft and hard coal seams.
They concluded that drilling destressing is more effective in
soft coal seams compared to hard coal seams. Liu Honggang
et al. [12] proposed that a well-arranged destressing bore-
hole can structurally pre-fracture the surrounding rock of the
tunnel, causing high-stress rock to transfer to deeper layers.
Zhang et al. [13] researched the development of local fractures
around the boreholes and found that a higher borehole density
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results in more developed fractures and better destressing
effects. Jia Chuanyang et al. [14] suggested that stress release
due to crack propagation is the fundamental reason for the
destressing effect of drilling boreholes. Moreover, the larger
the borehole diameter, the greater the borehole depth, and the
smaller the spacing between boreholes, the better the destress-
ing effect. Wang Meng et al. [15] categorized the degree of
destressing into three types: insufficient destressing, suf-
ficient destressing, and excessive destressing. They studied
the dynamic effects of destressing borehole length, diameter,
and spacing on the stability of deep tunnel surrounding rock.
Liu Huabo et al. [16] analyzed the distribution characteristics
of support pressure in front of the working face, confirming
the weakening effect of large-diameter destressing boreholes
on working face support pressure. Gai Decheng et al. [17]
investigated the displacement field, stress field, plastic zone,
elastic energy density, and local energy release rate of coal
bodies subjected to drilling destressing under high-stress con-
ditions. They proposed a theoretical framework for applying
different borehole spacing in different strength coal bodies.
The above-mentioned studies have explored the mechanics of
drilling destressing. However, there is limited literature on the
mechanisms of deep and shallow dense drilling destressing
and their effects on tunnel stability.

This paper is conducted against the backdrop of the deep
and shallow dense borehole pressure relief tunnel at the New
Shanghai No.1 Coal Mine. It employs a combination of the-
oretical analysis, numerical simulation, and industrial-scale
experiments. The primary objectives are to investigate the
deformation patterns of the borehole pressure relief tunnel,
delve into the mechanics of deep and shallow dense bore-
hole pressure relief, uncover the mechanisms through which

Fig. 1 Geographical location of
coal mine
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borehole parameters (such as borehole inclination and spac-
ing), influence tunnel stability, and propose strategies for
managing the deformation of the surrounding rock in deep
pressure relief tunnels. The outcomes of this study serve as a
theoretical foundation for the development of similar tunnel
rock pressure relief techniques.

2 Engineering Background
2.1 Mine General Situation

As depicted in Fig. 1, the New Shanghai No. 1 Coal Mine
is strategically located within the confines of Etuoke Front
Banner, a region situated in the Inner Mongolia Autono-
mous Region. The mining field spans approximately 12.5
km in the north—south direction, with an east—west width
ranging from 2.0 to 3.5 km, resulting in a substantial total
mining field area of 39.7 km?. Notably, the coal seams
within this area are classified as concealed coalfields, and
the geological strata exhibit dip angles ranging from 3 to
13°. At present, the predominant source of coal extrac-
tion emanates from the 1806N working face. Positioned
to the north of the industrial plaza, this specific working
face is demarcated by the F2 fault on its eastern bound-
ary, serving as a pivotal waterproof protective coal pil-
lar line. The southern region features a horizontal north
wing return airway, while on the western side, one finds
the 1805N working face. To the north, the F2 fault also
plays a crucial role in safeguarding the coal pillars. It is
important to note that both the upper and lower sections of
the 1806N working face lack pre-excavated roadways and
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are entirely devoid of goaf areas. The 1806N working face
primarily targets the extraction of coal from the 8th coal
seam, characterized by its structurally simplistic nature.
The coal seam’s thickness varies between 3.6 and 4.25 m
with an average thickness of 3.925 m and a mining height
of 3.6 m. The geological orientation of the coal (rock)
layer manifests a strike range between 5 and 13°, with a
trend oriented between 95 and 103°. Furthermore, the dip
angle of the coal seam oscillates between 1 and 7°, with an
average dip angle of approximately 4°. The mining meth-
odology employed is the inclined longwall arrangement,
featuring a push—pull length of 1780 m and an inclined
length spanning 382.5 m, as illustrated in Fig. 2.

2.2 Original Support Design and Deformation
Characteristics of Auxiliary Roadway

In 1806N auxiliary roadway, the original design section fea-
tured a combination of straight walls and curved arches with
an arched bottom. The roadway had a width of 4700 mm and
a height of 3900 mm. The original support system for the
roadway utilized a combination of anchor mesh (cable) spray-
ing and reverse bottom arch anchor mesh (cable) spraying,
as illustrated in Figure 3. High-strength anchor rods with a
diameter of 22 mm and a length of 2800 mm were used, with
anchor spacing set at 700 x 800 mm and a pre-tightening
torque of 300 N-m. The anchor cables were constructed with
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a 1 x 19 steel strand structure, featuring a diameter of 17.8
mm. The top anchor cables had a length of 10,000 mm, while
the side anchor cables had a length of 5000 mm.

Despite the use of the above-mentioned support system,
the roadway still experienced severe deformations, particu-
larly during the mining phase. The primary manifestations
included significant deformations of the roof and floor, with
cumulative floor heaving exceeding 2 m. The failure of the
roadway support structure and extensive rock deformation
are depicted in Figure 4. The concrete of the roof and floor
experienced widespread cracking, and numerous anchor rod
cables in the roadway broke. Additionally, support compo-
nents such as steel belts suffered tearing and bending fail-
ures. The entire process of roadway excavation and face
mining presented a state of “advance mining followed by
repairs” and “simultaneous mining and maintenance.”

3 Large Deformation Mechanism
of Roadway Surrounding Rock

3.1 Physical and Mechanical Characteristics
of Roadway Surrounding Rock

The distribution of rock types in the roof and floor of the
1806N coal seam is illustrated in Fig. 5. The roof is primar-
ily composed of sandy shale and medium-grain sandstone,
with localized occurrences of siltstone. The floor mainly
consists of sandy shale with well-developed joint fractures.

Fig.4 Deformation characteris-
tics of auxiliary roadway
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In order to further investigate the impact of rock
mechanics on the significant deformation of the roadway,
mineral composition and rock mechanics parameters of
the surrounding rocks in the demonstration roadway were
tested and analyzed, as shown in Table 1. Additionally,
the in situ stress was measured using the hollow inclusion
stress relief method. The maximum horizontal principal
stress was measured at 16.99 MPa, the minimum hori-
zontal principal stress at 9.82 MPa, and the vertical stress
at 11.26 MPa. The uniaxial compressive strength of the
coal seam was 15.9 MPa, with ratios to the three principal
stresses of 0.94, 1.62, and 1.41, respectively. The uniaxial
compressive strength of the sandy shale was 17.1 MPa,
with ratios of 1.0, 1.74, and 1.52 to the three principal
stresses, respectively.

It was observed that the maximum principal stress
exceeded the compressive strength of the coal seam and
reached the compressive strength of the sandy shale. The
low strength-to-stress ratio of the surrounding rocks led to
rapid failure of the surrounding rocks after roadway excava-
tion. Notably, the upper part of the roof comprised medium-
grain sandstone with a high compressive strength of 61.1
MPa and ratios to the three principal stresses of 3.60, 6.22,
and 5.43, with a thickness of 6.22 m. After coal mining, the
roof was prone to delayed collapse, altering the movement
and structural characteristics of the overlying rock layers,
affecting the distribution and magnitude of stress during
mining, and subsequently influencing the deformation and
failure of the mined roadway.
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Fig.5 Lithologic column
diagram lithology thickness lithology description
— (m)
. d 31 gray-black, thick layered, sand-mud structure, flat
. sandy . fracture, soft. RQD =83 %
mudstone
Gray, thick layered, fine-grained sand-like structure,
& 48 mainly composed of quartz, sub-angular to sub-round,
ine : calcium mud cementation, hard rock. RQD = 80 %
sandstone
{ Gray black, thick layer, sandy mud structure, flat
sandy 5.68 ’ = 84 ’
) mudstone fracture, soft. RQD =83 %
siltstone 2.0 Gray, thick layered, silty structure, local mud content is
high, soft, broken core. RQD = 60 %
. Light gray, thick layered, medium-grained sand-like
medium 6.22 structure, mainly composed of quartz, feldspar debris,
grain sub-angular, calcareous cementation, good cementation,
sandstone hard rock, with small cross-bedding. RQD = 85 %
sandy 5.15 Gray, thick layered, sandy argillaceous structure, flat
mudstone ) fracture, containing plant fossils. RQD = 87 %
Black, light black stripes, asphalt luster, banded
coal (8) 3.9 structure, flat fracture, mainly dark coal, with bright
coal bands, is a dull briquette.
: gray, thick layered, sandy-muddy structure, flat
sandy 5.77 fracture, and contains a large number of plant fossils.
mudstone RQD =87 %
Black, light black stripes, weak asphalt luster, banded
19 structure, flat fracture, mainly dark coal, with bright
coa 14 coal stripes, belonging to dim briquette.
Gray, thick layered, fine-grained sand structure,
mainly composed of quartz, middle argillaceous
fine 2.28 . £ dl lei
sandstone cen}entatlon, soft, upp'er and lower calcium
argillaceous cementation, hard rock. RQD =75 %

Table 1 Statistical table of mechanical properties of overlying strata on 1806N working face

Number Rock stratum Thickness (m) Specific Compres- Tensile Tangent Elastic Hard rock Key layer
weight (kN/ sive strength  strength modulus modulus
m) (MPa) (MPa) (GPa) (GPa)

0 Coal (8) 3.6 14 15.9 0.6 5 12.5

1 Sandy mudstone 5.15 24.8 17.1 0.7 17 42.84

2 Medium grain 6.22 24.6 61.1 32 32 76.8 Hard rock Low key stratum

sandstone

3 Siltstone 2.0 22.8 20.8 0.9 14 33.6

4 Sandy mudstone 5.68 24.8 17.1 0.7 17 42.84

5 Fine sandstone 4.8 23.1 44.9 2.2 26 68.64 Hard rock High key stratum

6 Sandy mudstone 3.1 24.8 17.1 0.7 17 42.84

Furthermore, a borehole camera was used to observe the
structure of the roof rock layers and investigate the impact
of the integrity of the surrounding rocks on coal and rock
deformation and damage, as shown in Fig. 6. The roof exhib-
ited various bedding planes and radial, longitudinal, oblique,
and composite fractures. In deep, high-stress conditions, the

extent of roadway rock failure is likely to exceed the con-
trol range of anchor support. Over time, not only does the
anchoring force of the anchor bars decrease continuously but
structural slippage of the anchored material occurs, leading
to the extrusion of the load-bearing structure formed by the
anchor bars.
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Fig.6 Types and distribution of
cracks in surrounding rock

)
fracture

3.2 Large Deformation Mechanism of Surrounding
Rock of Auxiliary Roadway

During the mining process of the working face, signifi-
cant deformation and damage occurred in the auxiliary
transport entryway, primarily manifesting as roof sag-
ging and floor heaving. The analysis revealed the fol-
lowing mechanisms for the large deformation and dam-
age of the surrounding rock in the auxiliary transport
entryway: (1) low strength-to-stress ratio: The roof and
floor of the entryway mainly consist of weakly cemented
sandy mudstone, with an average uniaxial compressive
strength of 14.9 MPa. The maximum principal stress in
the coal mine is 16.99 MPa, resulting in a low strength-
to-stress ratio of 0.88. This low ratio, coupled with
highly developed joint and fracture systems, makes the
entryway susceptible to damage shortly after excavation
and leads to deeper rock mass failure. (2) Rock deterio-
ration: The overlying rock contains aquifers with high
water content, and the clay mineral content is substan-
tial. Upon exposure to water, the rock undergoes san-
dification and mudification, significantly weakening
its integrity. The excavation disturbance leads to plas-
tic deformation, cracking, swelling, and damage in the

Fig.7 Stress analysis of the basic roof broken rock block
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surrounding rock, resulting in a decrease in its strength.
(3) Intense mining—induced stress: The excavation of an
extremely long working face of 395.6 m exerts a strong
influence on the surrounding rock, causing an increase
in the extent and magnitude of mining-induced effects.
Additionally, the 6.22-m-thick medium-grain sandstone
overlying the coal seam has a rigid roof that is resistant
to collapse. When it fractures, it releases a substantial
amount of energy, leading to more pronounced dynamic
loads. (4) Inappropriate tunnel layout: The maximum
principal stress on the 1806N working face is oriented
horizontally (with a magnitude of 16.99 MPa) and is
perpendicular to the direction of the entryway layout.
This represents the most unfavorable tunnel layout. (5)
Support component failure: First, the support compo-
nents are subject to corrosion and wear due to chemi-
cal and electrochemical factors. Second, the presence
of aquifers in the surrounding rock results in the inef-
fectiveness of anchoring agents when they come into
contact with water.
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Fig. 8 Mechanical model of rock mass around borehole
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4 Large Deformation Control
of Surrounding Rock of Auxiliary Roadway

The main causes of significant deformation in the surround-
ing rock of the auxiliary transport entryway are soft rock, low
strength-to-stress ratio, and intense mining activity. It is essen-
tial to establish stability control methods based on these three
aspects. Methods to improve the mechanical properties of soft
rock primarily involve strengthening anchoring. High prestress,
high strength, and high toughness anchor rods/cables can effec-
tively control discontinuous and non-coordinated expansion
deformations in the surrounding rock, such as delamination,
sliding, rotation, and the formation of new cracks, thereby reduc-
ing the degradation of the surrounding rock's strength [18, 19].

Improving the low strength-to-stress ratio is generally
achieved by reducing the stress in the surrounding rock and
increasing its strength. Regarding intense mining activity,
various methods like deep-hole blasting, hydraulic fractur-
ing, and borehole unloading are used. Among these meth-
ods, borehole unloading technology has multiple advantages
and is increasingly widely applied in controlling the sur-
rounding rock in coal mines. Therefore, the use of deep and
shallow densely spaced borehole unloading is established

Not drilled

transport
roadway

auxiliary transport
roadway

Fig. 10 Numerical model

lithology thickness

fine
sandstone 4.80m
sandy 5 qom
mudstone
siltstone  2.00m
medium 6.22m
sandstone
sandy
mudstone >.15m
coal 3.90m

as a method for controlling significant deformations in the
entryway. Deep boreholes sever the high-stress transfer of
the upper surrounding rock, reducing stress concentration
in the roof, and transferring stress to the deeper parts. Shal-
low boreholes fragment the surrounding rock, allowing it to
promptly collapse and fill the mined-out area.

4.1 Determine the Cutting Height of the Deep Hole

After the extraction and pushing of the working face, it is
assumed that the overlying n layers of rock undergo synchronous
deformation to form a composite beam. According to the
principles of material mechanics [20] for composite beams, the
formula for calculating the load q on the overlying rock layers is
derived [20].

E\l(rihy + 12hy + - +7,h,)
E\R} +E)h + - + E,h

(), = ey

In the equation: (g,), represents the load borne by the first
layer of rock when considering the nth layer of rock, kPa; E|, E,,
..., E, are the elastic moduli of each rock layer, MPa; h,, h,, ...,
h,, denote the thickness of the overlying rock layers, m; y,, v, ...,

siltstone
Mining face

coal

§ Wauxiliary transport roadway
sandy mudstone

transport roadway

fine sandstone

medium grain sandstone
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Table 2 Physical and

. ; Lithologic Bulk modu- Shear Cohesion Internal Tensile Density (kg-m™)
mechanical parameters of rock lus (GPa)  modulus  (MPa)  friction (°) strength
strata (GPa) (MPa)
Medium sandstone 29 1.6 3.0 31 0.3 2550
Coal 2.7 1.4 1.2 32 0.1 1470
Sandy mudstone 5.1 3.0 3.0 29 1.1 2204
Siltstone 3.0 2.0 3.0 27 0.2 2510
Fine sandstone 43.7 27.5 3.5 31 53 2602

7, represent the respective bulk densities of the individual strati-
fied layers, MN/m®.

The overlying rock layers are simplified based on the
lithological column chart, as listed in Table 1. Substituting
the parameters from the table into Eq. (1), we get: ¢, =127.72
kPa, (g,) ;=67.51 kPa, (g3) ;=77.62 kPa, (g,) ,=84.24 kPa,
(gs) =84.46 kPa, (g4) ;=92.75 kPa. The first layer of sandy
mudstone and the fifth layer of fine-grained sandstone have
greater strength and thickness, exhibiting higher load-bearing
capacity. Under high-intensity mining conditions, they
significantly impact the management of the underlying mining
field roof and the stability of the tunnel surrounding rock.
Therefore, they can be regarded as low and high-level critical
layers, respectively. Deep boreholes cut off the rock layers below
the high-level critical layer, severing the stress transfer path.
Hence, the length of the deep borehole is cut to the 4th sandy
mudstone (vertical height of 19.05 m).

4.2 Determine the Cutting Height of the Shallow
Hole

The design of the shallow borehole cut height should take into
account both the collapse of the lower critical layer (11.37 m)
and the migration characteristics of the upper rock layers. This
ensures that the cut height is above the upper boundary of the most
difficult-to-collapse roof and meets the filling height requirements.
The overlying rock layers within the range of the cut height are
assigned numerical labels, starting from the immediate roof as 1,
2, ..., up to m, with a total of m rock layers [20, 21].

(H, +Hy + Hy + - + H,) + M—

(kyH, + kyHy + kyHy + -+ k H ) =0 @)
Y H+M—k,- Y H=0 3)
i=1 i=1

K < ~
T T T T T e . T S D P T T I AT Y T S TV s SRS T SR AW R Lonr X el =

Fig. 11 Stress variation rule
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Stress(MP_a)

Fig. 12 Three-dimensional stress distribution of roadway roof

_ lel +k2H2 + .- +kam 4
P H1+H2+"'+Hm ()

Taking into account the potential rotational subsidence
and natural collapse of the overlying rock layers, therefore...

m
M
. ; - ©)

In the equation: /1, represents the cutting height, m; M is the
mining height, m. k,, k,, ..., k,, represents the rock fragmenta-
tion coefficients for the roof layers of the first, second, ..., mth
layer, respectively; k), is the weighted average initial rock frag-
mentation coefficient, typically ranging from 1.20 to 1.40, with
achosen value of 1.28; H, H,, ..., H,, stand for the thickness of
the roof layers for the first, second, ..., mth layer, respectively.

Based on the geological production conditions of the 1806N
working face, a mining height of M =3.6 m is determined. Sub-
stituting this data yields an approximate value of /1,=12.857 m.

Fig. 13 Variation rule of plastic zone

) 0
Width (m) 200

100
60

;feﬂg‘“ ()

300 0

4.3 Determine the Cutting Angle

During the advancing process of the working face, lateral
stresses are effectively transmitted through the masonry
beam structure. The contact surface between rock blocks
A and B is considered as the structural plane of the cutting
roof. This severs the physical connection and stress transmis-
sion paths between the immediate roof rock blocks, ensuring
the stability of the roadway surrounding rock. Based on the
principles of masonry beam theory and the S-R stability
theory of surrounding rock structures, a mechanical model
of the fracture surface of rock blocks A and B is established,
as shown in Fig. 7, and a mechanical analysis is conducted at
the contact point of blocks A and B. When the shear force at
the contact point is less than the frictional force, the fracture
surface will not slip and become unstable. To guarantee the
cutting roof effect, the shear force should exceed the fric-
tional force [20, 21].

None

shear-n

shear-n shear-p

shear-n shear-p tension-p.
shear-n tension-n shear-p
Shear.n tension-n shearp ension-p
shear-p

shear-p tension-p
tension-n shear-p
tension-n shear-p tension-p
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Fig. 14 Variation of plastic
zone with different hole spacing

?spacing 750mm

The stability criteria for rock block B are as follows:
(Tcosf — Rsinf)tang > Rcosf + T'sind 6)

The conditions for the instability and sliding of rock block
B are as follows:

(Tcosf — Rsinf)tang < Rcosf + T'sinf @)

Simplifying the equation yields:

Tsin(¢ — 0) < Rcos(p — 0) ®)
K> -0 ©
0> arctang (10)
T= #LZAS) (11)
0>qp— arctanw (12)

Increasing the cutting angle will intensify the lateral can-
tilever additional stress. To ensure the smooth collapse of
the immediate roof rock block, the cutting angle should be
minimized as much as possible.

@ Springer
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0=q-— arctan—z(h z 4s) (13)

In the equation, 8 represents the cutting angle of the roof,
degree; As denotes the subsidence of rock block B, m; L
stands for the lateral fracture span of the immediate roof,
m; ¢ represents the internal friction angle of the immediate
roof, degree; h signifies the thickness of the immediate roof
stratum, m.

According to the engineering geological conditions of
the 1806N working face and the aforementioned calculation
results, with ¢ =34°, L=21.26 m, As=2.5 m, and h=5.15
m, substituting into the equation yields 8=20°.

4.4 Determine Hole Spacing

Following the excavation of boreholes, we assume that the
surrounding rock is in an elastic state, and given that the
length of the borehole is significantly greater than its diam-
eter, we analyze it as a two-dimensional strain problem. The
vertical and horizontal stresses acting on the borehole are
both simplified as uniform stresses, forming a mechanical
model for the borehole and the surrounding rock, as depicted
in Fig. 8. By applying elastic theory, we determine the stress
state of the rock mass around the borehole. Based on plastic-
ity conditions, we evaluate whether the rock mass undergoes
yielding, resulting in the approximate boundary equation for
the plastic zone around the borehole, which is also referred
to as the destressing zone [20, 21].
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Fig. 19 Different hole spacing drilling peep

_ ap
r= Ccos{ — psind

14

In the equation, p represents the polar coordinate at any point
around the borehole; a denotes the borehole diameter, m; ¢
stands for the cohesion of the surrounding rock, MPa; { repre-
sents the internal friction angle of the surrounding rock, degree;
p signifies the horizontal stress acting on the borehole, MPa.

According to geological and production conditions of the
1806N working face, as well as observed mining pressure
data, where a=0.075 m, ¢c=3.5 MPa (as the roof rock lay-
ers primarily consist of mudstone and sandstone), {=34°,
p=3.5 MPa, we solve for p=0.32 m. Thus, the close bore-
hole spacing between boreholes, denoted as “d,” is cal-
culated as d=2p % 0.8, resulting in d=0.512 m, which is
approximated to 0.5 m.

4.5 Deep and Shallow Dense Drilling Parameter
Design

Based on the calculations of the vertical height and cutting
angle for deep and shallow boreholes mentioned above,

Fig.20 Layout of deformation @ monitoring station

the final determination of the lengths for deep and shal-
low closely spaced boreholes is made. The vertical heights
for deep and shallow boreholes are 19.05 m and 12.857 m,
respectively, with a cutting angle of 20°. Consequently, the
depths of the deep and shallow boreholes are 20.27 m and
13.68 m, respectively. For the sake of construction conveni-
ence, the depths chosen are 21 m for the deep boreholes,
14m for the shallow boreholes, with a cutting angle of 20°,
and a spacing of 0.5 m, as illustrated in Fig. 9.

5 Numerical Calculation of Deep
and Shallow Dense Drilling

5.1 Field Numerical Model

A model was constructed for the 1806N working face with
dimensions of 600 m in length, 100 m in width, and 50 m
in height, yielding a total of 8,314,329 individual elements.
The stratigraphic divisions were based on the surrounding
rock types, and the failure criterion for the model was estab-
lished using the Mohr—Coulomb criterion. On the left side
of the roadway, no deep or shallow closely spaced boreholes

measuring station of surround- 100m 500m unit: m
ing rock e &
station 6 station 5 1806N auxiliary transport roadway
1806N working surface advancing direction

1806N transport roadway
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Fig.21 Deformation curves of roadway surrounding rock at stations
Sand 6

were implemented. Conversely, on the right side, closely
spaced boreholes were drilled with specific parameters: a
cutting angle of 20 degrees, shallow borehole depth set at
14 m, deep borehole depth at 21 m, and a spacing of 500
mm. Following the on-site construction sequence, the exca-
vation commenced with the development of both the left
and right roadways. Subsequently, the excavation of closely
spaced boreholes was carried out. In line with the on-site
mining progression, coal seam extraction proceeded incre-
mentally, with each cycle advancing by 10 m. This process
was repeated ten times. The model’s configuration is illus-
trated in Fig. 10, and detailed mechanical parameters can be
found in Table 2.

@ Springer

As shown in Fig. 11, a stress analysis of the surrounding
rock was conducted after the working face had advanced
50 m. No intensive drilling was carried out in the transport
drift, while intensive drilling was implemented in the aux-
iliary transport drift. At the 50-m face of coal seam exca-
vation, stress concentrations were observed 6.5 m from
the transportation drift, with the maximum stress reach-
ing 16 MPa. Similarly, stress concentrations were present
at a distance of 8.8 m from the auxiliary transportation
drift, with the maximum stress recorded at 11 MPa. At the
10-m advance of the working face, stress concentrations
were observed at distances of 1.7 m to the left and 4.7 m
to the right of the transportation drift, with stress levels
reaching 15 MPa and 18 MPa, respectively. Additionally,
stress concentrations were detected at a distance of 22 m
to the left of the auxiliary transportation drift, with the
maximum stress recorded at 14 MPa. At the 20-m advance
of the working face, stress concentrations were noted at
distances of 3.2 m to the left and 6.4 m to the right of the
transportation drift, with stress levels of 13 MPa and 15
MPa, respectively. Moreover, stress concentrations were
found at a distance of 41 m to the left of the auxiliary
transportation drift, with the maximum stress reaching
15 MPa. At the 30-m advance of the working face, stress
concentrations were observed at distances of 1.8 m to the
left and 4.3 m to the right of the transportation drift, both
registering at 13 MPa. Additionally, stress concentrations
were present at a distance of 5.8 m to the left and 3.6 m
to the right of the auxiliary transportation drift, with a
maximum stress of 11.7 MPa in both cases. At the 40-m
advance of the working face, stress concentrations were
found at distances of 3.3 m to the left and 2.6 m to the
right of the transportation drift, with stress levels of 12.5
MPa and 12.2 MPa, respectively. Furthermore, stress con-
centrations were detected at a distance of 5.4 m to the left
and 3.3 m to the right of the auxiliary transportation drift,
with the maximum stress in both cases reaching 11 MPa.
The stress distribution in the tunnel roof is illustrated in
Fig. 12. After the dense borehole construction in the aux-
iliary transportation drift, a significant reduction in stress
concentration in the tunnel was observed.

In accordance with Fig. 13, a plastic zone is observed
to develop near the transportation drift face. The construc-
tion of dense boreholes in the auxiliary transportation drift
disrupts the distribution of the plastic zone, resulting in a
smaller plastic zone area in comparison to the area near
the transportation drift. At the 10-m advance of the work-
ing face, the presence of dense boreholes in the auxiliary
transportation drift serves to curtail the development of the
plastic zone. Nevertheless, at advances of 20 m, 30 m, and
40 m, the construction of dense boreholes in the auxiliary
transportation drift causes a degree of damage, leading to a
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Fig. 22 Deformation effect of
roadway end

slightly larger plastic zone area near the auxiliary transpor-
tation drift as opposed to the transportation drift.

5.2 Research on Key Parameters of Dense Drilling
5.2.1 Plastic Zone Distribution with Different Hole Spacing

To analyze the impact of different borehole spacing on the
behavior of shallow and deep dense boreholes, numerical
simulations were conducted, which align with the actual site
conditions. The model borehole spacings were set at 0.25 m,
0.5 m, 0.75 m, and 1.0 m, with shallow boreholes having a
length of 14 m and deep boreholes measuring 21 m, as illus-
trated in Fig. 14. At a spacing of 0.25 m, a highly developed
plastic zone is observed between shallow and deep boreholes,
with complete interconnection of the plastic zone between
deep boreholes. At a spacing of 0.5 m, the plastic zone
between shallow boreholes interconnects, effectively fractur-
ing the surrounding rock in the shallow region. However, the
plastic zone between deep boreholes does not interconnect,
serving to maintain the stability of the deep surrounding rock.
At a spacing of 0.75 m and 1.0 m, the plastic zone between
shallow and deep boreholes does not fully interconnect.

5.2.2 Numerical Simulation of Different Borehole Angles

In order to investigate the impact of borehole angles on the
relief effect, a numerical analysis with varying borehole
angles was conducted, focusing on deformation and stress
analysis at the working face. As shown in Figs. 15 and 16,
displacement maps and their trends under different bore-
hole angles were observed. It was evident that after roof
cutting, the displacement of the roof significantly reduced,
while the floor displacement was slightly greater. With an
increase in borehole angle, the roof deformation exhibited
a general increasing trend, while floor deformation con-
tinuously decreased. For borehole angles between 0 and
20°, the displacement of the roof and floor after roof cut-
ting was relatively small. However, when borehole angles
exceeded 70°, the displacement of the roof and floor after
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roof cutting exceeded that of the unreinforced roof and
floor, as shown in Figs. 15 and 16. As depicted in Figs. 17
and 18, stress maps and their trends under different bore-
hole angles were examined. When borehole angles were
less than 80°, the stresses after roof cutting were all lower
than those without roof cutting. At borehole angles of 0°
and 20°, the stress in the roadway sides was less than 12.5
MPa, while at other borehole angles, the stress exceeded 13
MPa. Stress differences exceeded 2 MPa at borehole angles
of 0°, 20°, and 40°. A comprehensive analysis suggests that
borehole angles less than 20° result in better stress relief.

6 Engineering Application

6.1 Deformation Characteristics of Drilling
with Different Hole Spacing

On-site dense borehole construction with different borehole
spacings was carried out, considering borehole spacings of
1000 mm and 500 mm, and the results are shown in Fig. 19.
When the borehole spacing is 500 mm, the boreholes exhibit
a pronounced fracturing and relief effect, with a fracture
rate inside the boreholes reaching 80%. In contrast, when
the borehole spacing is 1000 mm, the boreholes undergo
flattening deformation, and the rate of fracture occurrence
inside the boreholes is low, with shallow cracks.

6.2 Field Test and Monitoring Design

With deep and shallow dense borehole pressure relief as
the technical foundation, the research team has proposed
a method suitable for controlling significant deformations
in soft rock. In accordance with the on-site support design,
field tests involving deep and shallow dense boreholes for
roof cutting were conducted to validate their effectiveness
in supporting substantial rock deformations. To comprehen-
sively analyze the control effects of deep and shallow dense
boreholes on tunnel surrounding rock, monitoring stations
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5 and 6 were established. The grid point method was used
for deformation monitoring across the entire cross-section
of the tunnel. The specific layout of monitoring stations is
illustrated in Fig. 20.

Monitoring station 5 is located in the section where dense
borehole construction takes place, while monitoring station
6 is situated outside this dense borehole construction zone.
Analysis of the deformation curves from monitoring stations
5 and 6 reveals that the deformation of the surrounding rock
decreases after roof cutting. The cumulative deformation
of the roof decreased from 823 to 682 mm, and the floor’s
cumulative deformation decreased from 721 to 533 mm.
The cumulative deformation of the left wall decreased from
203 to 188 mm, and the right wall’s cumulative deforma-
tion decreased from 467 to 306 mm. The deformation of the
roof, floor, left wall, and right wall decreased by 17.13%,
26.07%, 7.4%, and 34.48%, respectively. After the dense
borehole construction at the end of the auxiliary transport
roadway (1806 N), noticeable reductions in deformation
were observed, as depicted in Figs. 21 and 22.

7 Conclusion

1. To address the significant deformation issues, such as
floor heave and roof sag, encountered during the excava-
tion of the auxiliary transport roadway in the working
face, we have analyzed the deformation failure mecha-
nisms as follows: (a) Low strength-to-stress ratio: The
low strength-to-stress ratio, along with extensive joint
fractures, makes the roadway prone to damage and prop-
agation into the surrounding rock post-excavation. (2)
Rock deterioration: Water-induced sanding and silting of
the surrounding rock. Plastic deformation during excava-
tion, leading to strength degradation. (3) High mining—
induced stress: Rapid working face excavation generates
intense dynamic stress, compromising rock stability. (4)
Inadequate roadway layout: roadway orientation rela-
tive to the maximum horizontal principal stress affects
stability. (5)Support material failure: Corrosion, damage
to support components, and anchor agent failure upon
water exposure.

2. Combining deep and shallow dense borehole drilling
effectively controls roof fracturing and mitigates tunnel
deformations. Deep boreholes reduce stress concentra-
tion, while shallow ones promote timely roof collapse
and cavity filling. The approach, supported by theo-
retical analysis, recommends optimal parameters: 21 m
length for deep boreholes, 14 m for shallow ones, both
at a 20° angle, and spaced 0.5 m apart, meeting design
requirements.

@ Springer

3. We developed a numerical model to simulate densely
spaced borehole roof fracturing in tunnels, accurately
replicating the tunnel’s damage evolution process.
The findings are as follows: (1) After roof fracturing,
stress concentration in the tunnel’s surrounding rock
decreased, extending deeper into the rock mass. At the
tunnel ends, deformations significantly reduced, and
the development of the plastic zone was severed. (2) A
0.25-m borehole spacing caused excessive plastic zone
development, damaging the surrounding rock. Spac-
ings of 0.75 m and 1.0 m lacked effective connectiv-
ity between deep and shallow borehole plastic zones,
resulting in ineffective roof fracturing. However, a 0.5-m
spacing efficiently connected plastic zones, ensuring
successful roof fracturing. (3) Angles below 20° caused
minimal roof and floor deformations post-fracturing,
while those exceeding 70° led to increased deforma-
tions compared to non-fractured scenarios. At 0° and
20°, tunnel edge stress remained under 12.5 MPa, while
other angles surpassed 13 MPa. In essence, the unload-
ing effect was stronger with angles below 20°.

4. Through on-site experiments and engineering applica-

tions, the practicality of densely spaced boreholes, both
deep and shallow, has been confirmed. This approach
effectively manages substantial deformations in soft rock
formations, making it a valuable reference for stability
control in similar soft rock tunnels.

Data Availability Data is available upon request.
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