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1. Introduction 
 

High-pressure water jet punching is a technology of 

pressure relief and gas permeability increase for coal seams 

(Latchoumi et al. 2019, Kong et al. 2016). Ordinary high-

pressure water jet technology (Ren et al. 2020) for coal 

mines has small punching borehole diameter and large 

shock water resistance (Chen et al. 2018). A new high-

pressure water jet technology that can excavate ultra-large-

diameter boreholes has been developed to solve the 

abovementioned problems. 

When water jet excavates boreholes of different 

diameters, the effective shock water column length remains 

unchanged, and gradual reaming is realized by changing the 

overall eccentric angle of the nozzle. The punching 

eccentric angles of the nozzle are 10°, 20°, and 30°. Thus, 

three jet drilling holes with diameters of 10–20, 20–40, and 

40–60 mm are formed.  

Notably, field operations can only be matched to the 

range of extraction disturbances by tentatively changing the 

punching aperture, because of the lack of theoretical 

guidance on the disturbance distribution of ultra-large-

diameter jet borehole excavation. Doing so increases the 

workload and waste resources, which can obviously limit  
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the method’s application. Therefore, the coal disturbance 

law must be studied after the excavation of ultra-large-

diameter boreholes. 

Analysis of the current research status of coal 

excavation shows that scholars have established different 

mechanics (Komurlu et al. 2016), damage theories 

(Simpson et al. 2001), and physical models (Hao and 

Azzam 2005) to explain the excavation process. The 

distribution of seepage and disturbance area after rock 

excavation has also been investigated. The development of 

computer technology has facilitated research on large-scale 

model excavation and numerical simulation. The current 

simulations for studying excavation disturbances use the 

discrete element (DFM) (Salimzadeh et al. 2019), finite 

element method (FEM) (Zhao et al. 2020), anisotropic 

elastic method (Qi et al., 2018), discrete element method 

(DEM) (Duan et al. 2018), cyclic dynamics theory method 

(Chen et al. 2019), rigid spring method (Kim et al. 2020), 

and SPH–FEM (Zhao et al. 2019, Wang et al. 2020) to 

simulate the excavation process. Among them, DFM, SPH–

FEM, and DEM are mostly used to analyze shock damage 

of water particles. FEM method, anisotropic elastic method, 

cyclic dynamics theory method, and rigid spring method are 

effective for studying mechanics and damage disturbance.  

The FEM method is simple and produces accurate 

simulation results; thus, it is suitable for coal seam 

excavation, support, coal softening, and elastoplastic 

changes (Yue et al. 2019, Cui et al. 2017). The water jet 

borehole excavation process will disturb the coal body  
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around the borehole wall to relieve pressure, thereby 

forming abundant seepage channels. The continuous shock 

of high-pressure water will result in the quick penetration of 

water into the coal. The strength of the coal that penetrates 

into the water will soften due to the long punching and 

reaming cycle of the entire working face (Wu et al. 2018), 

and this condition affects the distribution of the entire coal 

disturbance range. At present, scholars often ignore the 

softening effect of the coal around the borehole wall after 

wetting when studying water jet excavation; thus, 

inaccurate analysis results are generated. At the same time, 

the large change in borehole diameter and the support of the 

working face affect the distribution of disturbances (Zheng 

et al. 2019, Chen et al. 2020a). Therefore, studies on the 

change law of coal structure parameters after the softening 

of the borehole wall of jet borehole excavation in 

consideration of the large change in jet borehole diameter 

and bolt support are important. 

This study aimed to determine the disturbance 

distribution law of coal structure parameters during the 

excavation of ultra-large-diameter jet borehole realistically 

and comprehensively. In this study, the water jet coal 

wetting and softening model is proposed to determine the 

seepage and wetting range of high-pressure water during the 

drilling process. The softening range of the coal body 

around the borehole is determined according to the law of 

coal strength after wetting. The pressure of the jet water 

column acting on the borehole wall is used as a bridge to 

establish the relationship between water jet and high-

pressure water injection parameters. At the same time, finite 

element analysis software is used to solve the model, and 

the influence of the borehole diameter change and bolt 

support on the disturbance distribution is studied. 

Comparison with the disturbance law of porosity 

parameters obtained by measuring gas permeability through 

sampling around the jet borehole is conducted to verify the 

correctness of the simulation results. The relationship  

 

 

between the borehole diameter and the disturbance range of 

the maximum porosity parameter is analyzed, and the 

variation law of disturbance area and maximum disturbance 

radius at different locations is determined. As a result, a 

research experiment and a theoretical system based on the 

water jet coal wetting and softening model on the 

disturbance law of porosity parameters of ultra-large-

diameter jet borehole excavation have been formed to 

provide support for efficient and safe on-site operations. 

 

 

2. Excavation of ultra-large-diameter jet borehole 
based on water jet coal wetting and softening model 

 
2.1 Water jet coal wetting and softening model 
 

High-pressure water jets will cause the surrounding coal 

to become wet when the water column shocks the borehole 

wall. The triaxial mechanical compression failure test data 

after coal wetting (Liu et al. 2018) show that the coal body 

strength changes significantly (Lu et al. 2015) after coal 

wetting. As punching is completed within 1 day, the stress–

strain curve of coal after 1 day of immersion is analyzed, as 

shown in Fig. 1. The change in the strength of coal around 

the borehole wall after wetting seriously affects the 

disturbance law of coal body excavation. Therefore, the 

softening characteristics of the coal body must be 

considered when studying the disturbance distribution of 

the porosity of jet borehole excavation to establish an ultra-

large-diameter jet drilling model. When the jet water 

column shocks the borehole wall, high pressure will be 

formed on the coal wall of the borehole. The jet wetting 

process can be unified as a short-term coal wall water 

injection process to simplify the model. The water injection 

time is the time when the reference point A is shocked by 

the water column. The model derivation process proceeds 

as follows: 

 

Fig. 1 Excavation model of jet drilling with ultra-large diameter 
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Assuming that the angular velocity of the overall 

rotation of the water jet nozzle is  , the angle of rotation 

of the nozzle per unit time is 





180

    (1) 

The divergence angle of the water column sprayed by 

the nozzle is  . At a reference point on the borehole wall, 

the continuous action time of the high-pressure water 

column is 




t  (2) 

When water is injected from the borehole, the water 

pressure will cause the water to flow from the borehole wall 

into the fracture, and then the water will seep through the 

coal fracture network. The entire water injection process 

features constant pressure, and the effect of partial injection 

in the rotating process is the same as the effect of 

simultaneous injection. Regardless of the compressibility of 

the coal matrix and water and temperature transfer, the 

seepage process of fluid in fractures conforms to Darcy's 

law (Chen et al. 2020b). 
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By separating the variables and integrating the 

abovementioned formula, we have 
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The flow formula is 
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During the analysis, the front edge of the seepage is in 

contact with air, the pressure is 0 MPa, and the velocity can 

be expressed as 

w

w

r
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The micro element is used to determine the relationship 

between water injection time and water injection distance, 

as follows 

drvdt   (8) 

The differential expression of Formula (7) is 
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By integrating the aforementioned formula, we have 
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By introducing the equivalent high-pressure water 

injection time of the high-pressure water jet process into the 

abovementioned Formula (10), we have 
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The water pressure generated by the water column when 

the high-pressure water jet shocks the wall (Zhang and Zou 

2018) is expressed as 

2

s
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Introducing Formula (13) into Formula (12) yields 
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The relationship between the parameters of the high-

pressure water jet and the wetting parameters of the coal 

body water injection seepage is established. The initial flow 

velocity, nozzle radius, and water column diffusion angle of 

the water jet are all proportional to the water injection 

wetting distance. By contrast, the rotation angular velocity 

of the water jet and the shock water column are inversely 

proportional to the water injection wetting distance.       

The damage of coal after excavation adopts the 

extended DP criterion (exponential DP criterion). This 

criterion considers the intermediate principal stress and the 

effect of hydrostatic pressure on the yield of the material 

(Xu et al. 2019). The criterion can also reflect the dilatancy 

of coal. Therefore, the DP criterion can realistically 

represent the stress–strain relationship of coal during plastic 

deformation and failure. The exponential DP criterion can 

also directly import the test data into the parameters for 

analysis and produce realistic results. The principle of the 

exponential DP criterion is shown below. 

The yield trajectory of the exponential DP criterion on 

the meridian is 
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F=aqb−p−pt=0 (15) 

where a and b are the hardening parameters related to the 

material properties, and Pt is the material hardening 

parameter of the net water tensile and compressive strength. 

In this study, a and b are affected by the wetting and 

softening of coal. 

Pt is related to the input test data as 

3

σ
aσP cb

ct   (16) 

After the coal body of the borehole wall is wetted and 

softened, the damage of the entire coal body is divided into 

a softened area and a non-softened area. The softened area 

of the coal body is determined by re of water injection. The 

position is in the softened area when the distance between 

the analyzed position and the center point is less than re; the 

position is in the unsoftened area when the distance 

between the analyzed position and the center point is 

greater than re. The equation is 
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where a0 and b0 are the original strength parameters of coal 

body, and a1 and b1 are the strength parameters of coal body 

after softening. (x, y) is the coordinate of the analyzed 

position, and (x0, y0) is the coordinate of the center point of 

the borehole. 

 
2.2 Simulation scheme and model parameters 
 
The support of the working face has a certain influence 

on the disturbance of porosity parameters after excavation. 

Bolt support is prestressed support. In the current 

simulation process, the material strength of the working 

face is reduced, the bolt is activated, and the working face is 

excavated to realize the embedding of the anchor rod 

prestress. Field experience and literature indicate that the 

simulation results are similar to the field results when the 

modulus of the excavation area is reduced by 40% under the 

background of this working face (Zheng et al. 2019, 

Rehman et al. 2020, Lu et al. 2022). The model size and 

grid situation are shown in Fig. 2. The model size is 150 

m×150 m×600 m, of which the roadway excavation sizes 

are set to 10 and 50 m. The underground test excavation 

borehole is 10 m, and the design of the excavation borehole 

for underground operation is 50 m. The drilling location is 1 

m from the bottom plate on the center line of the working 

face. The shock aperture of high-pressure water jet  

 

Fig. 2 Schematic of models 

Table 1 Simulation parameters 

Project 
Density  

(103 kg/m3) 

Elastic modulus 

(GPa) 
Poisson’s ratio Inclination (°) 

Siltstone 2480 28 0.21 5° 

Coal 1400 1 0.3 5° 

Brownish gray–dark gray 

siltstone 
2200 18 0.23 5° 

Anchor 7800 200 0.2 
Radius (m) Length (m) 

Support range 

(m) 

0.0125 3 50 

Fluid injection 
Water injection pressure (MPa) Injection time (s) 

6 6 
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excavation technology for ultra-large-diameter boreholes is 

from 15 cm to 60 cm. Thus, the simulated aperture is 

analyzed with a tolerance of 20 cm to ensure 

representativeness of the study. The selected apertures are 

20, 40, and 60 cm. The water injection surface is the entire 

borehole wall. Bolt support is provided at the left and right 

sides and the roof position of the roadway. The top of the 

model is a free boundary, which is prepared for the in-situ 

stress balance analysis part, and the rest of the boundaries 

are displacement-fixed boundaries. All boundary hole 

pressures are 0 MPa. When dividing the grid, the 

stratigraphic grid adopts C3D8P type (An 8-node brick, 

trilinear displacement, trilinear pore pressure). The anchor 

rod adopts B31 type grid (A 2-node linear beam in space), 

which is the rod model. A total of 143,500 nodes and 

134,304 elements are constructed in the stratum. The 

stratum is a solid domain, and the bolt is an embedded unit. 

Grid Analysis errors: 0 (0%), Analysis warnings: 2119 

(1.5778%) meet the accuracy requirements of this article. 

 

 
3. Confirmatory experiment 

 

The void ratio (Feng et al. 2020, Wu et al. 2020) can 

characterize the degree of rock disturbance (de Figueiredo 

et al. 2017). Onsite sampling and laboratory measurement 

of gas permeability are conducted to determine the 

permeability distribution characteristics around the borehole 

to verify the correctness of the simulation method and the 

results. The experimental design aims to obtain the void 

ratio distribution around the borehole on the basis of the 

relationship between the permeability and the void ratio by 

measuring the gas permeability around the borehole. 

Sampling is performed after the punching operation is 

completed, as shown in Fig. 3. 

 

 

The experimental punching depth is designed to be 10 m 

to reduce the difficulty of the experiment. The position of 

coal samples is finally determined to be 2 m at the front of 

the working surface to obtain effective coal samples and 

improve work efficiency. The sampling position is in the 

pressure relief area (Liu et al., 2019; Wang and Cai, 2016), 

and the measured ground stress is 6 MPa. The obtained coal 

core is processed into a 50 mm×50 mm cylindrical 

experimental coal sample. The coal samples in five 

directions are labeled as A1A2A3, B1B2B3, C1C2C3, D1D2D3, 

and E1E2E3. The samples are then dried at 80 °C for 24 h 

until analysis. The experimental scheme is described as 

follows. The length and diameter of the coal sample are 

measured after drying. The permeability of the coal seam is 

then measured at a constant temperature, surrounding rock 

pressure, and initial pressure by using a permeability meter.  

The following parameters are set during the experiment 

to simulate the conditions of the underground coal seam: 

temperature of 24°C, surrounding rock pressure of 6 MPa, 

and initial gas pressure of 1.6 MPa. Changes in the 

permeability of the coal sample under different pressure can 

be calculated by recording the inlet and outlet gas pressures 

of the gripper and gas flow at the corresponding time. 

During the experiment, five groups of coal samples are 

separately tested. Prior to the experiment, the gas is 

percolated under a constant gas pressure for 1 h to adsorb 

the coal sample. During the experiment, 15 coal samples are 

measured separately, and the data are sorted into groups and 

analyzed. The permeability and void ratio distribution map 

of the working surface is obtained based on the change in 

infiltration and spatial relationship via an interpolation 

method. The method of mining cuttings around the borehole 

is carried out to determine the wetting distance of the coal 

wall at different apertures. The wetting ranges are 9.2, 9.8, 

and 10.4 cm. 

 

Fig. 3 Schematic of roadway face and MZY-1 coal seam permeability tester 
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The gas permeability in the coal sample is obtained by 

combining Formula (7), as shown below 

)PA(P

LPμQ200
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4. Results and discussion 

 

4.1 Disturbance distribution of void ratio in excavation 
with different apertures based on wetting and softening 
model 

 

The 3D void ratio distribution map around the borehole 

after excavation of jet boreholes with three different 

diameters is shown in Fig. 4. 

The distribution of porosity disturbance range around 

each borehole is divided into three parts: the front cone, 

intermediate cylindrical, and tail peak areas. The softening 

of the coal body in the wetted area substantially increases 

the void ratio after stress equilibrium. The wetted area 

around the borehole also increases as the borehole diameter 

increases. The average values of the three wet thicknesses 

after simulation are 9.3, 9.8, and 10.2 cm, which are close 

to the experimental results. A large jet aperture corresponds 

to a large disturbance range at the same position from the 

working surface. When the drilling diameter is 20 cm, the 

difference between the maximum disturbance ranges of the 

tail peak area and intermediate cylindrical area is the largest. 

The tail peak area is affected by roadway and jet borehole 

excavations. The intermediate cylindrical area is a simple 

borehole excavation disturbance area. The radial influence 

ranges of the tail peak area and the middle cylindrical area 

around the borehole with a diameter of 40 cm are 

significantly increased. The difference between the two 

ranges decreases, and the length of the tail peak area 

increases significantly. The radial influence ranges of the 

tail peak area and the middle cylindrical area around the 

borehole with a diameter of 60 cm also significantly 

increase. At this time, the excavation and disturbance 

effects of the long, deep hole improve. The disturbance 

range is affected by the inclination angle of the coal seam, 

especially at positions near the contour plane of the 

roadway. The inclination angle of the disturbance 

distribution is similar to the inclination angle of the 

roadway contour line. Therefore, the coal seam inclination 

angle must be considered. The length of the tail peak area 

and the range of radial disturbance increase significantly as 

the borehole diameter of the jet increases when the section 

of the roadway is constant. The influence of roadway 

excavation disturbance is dominant when the borehole 

diameter is small. The disturbance caused by borehole 

excavation is dominant when the jet borehole diameter rises 

to 60 cm. Therefore, the disturbance effect of the large-

aperture waterjet borehole is much better than that of the 

ordinary small-aperture waterjet borehole. The sizes of the 

radial disturbance range of the front cone area and the 

intermediate cylindrical area are mainly affected by the jet 

drilling aperture. Therefore, the jet drilling hole diameter 

can be selected depending on the work requirements. A jet 

borehole with a diameter of 40 cm is chosen when 

extracting CBM within the range of the tunneling working 

face to achieve safe and rapid mining. A jet borehole with a 

diameter of 60 cm is selected when CBM and coal 

resources should be efficiently recovered. 

 

4.2 Distribution characteristics of void ratio after 
excavation of experimental section based on the 
relationship between porosity and permeability 

 

The gas permeability data of each group of coal samples 

can be measured through triaxial permeability monitoring. 

Therefore, the laws of permeability change in all directions 

are analyzed. The change in coal permeability with gas 

pressure in five directions of A, B, C, D, and E is shown in 

Fig. 5. 

The permeability of coal samples obtained in the 

directions of A, B, C, D, and E varies considerably. The gas 

permeability decreases with the increase in distance from 

the central drilling position under a constant gas pressure. 

When the coal seam gas pressure (i.e., the local gas pressure 

at the site) is 0.89 MPa, the coal permeability in each 

direction shows the order KC > KB ≈ KD > KA ≈ KE. Thus, 

these findings imply that the coal seam fissure mostly 

develops in the direction of C, and the flow of gas in the 

larger pore fracture space increases the overall coal sample 

seepage flow. The regional permeability between C1 and C2 

decreases rapidly, whereas that between C2 and C3 decreases 

slowly. The minimum permeability in direction C is the 

largest among those in other directions. Therefore, the range 

of fracture development in this direction exceeds the scope 

of C3 monitoring. However, the development of coal body 

fractures is also large in oblique directions B and D. In 

general, the permeability first decreases rapidly and then 

decreases slowly as the distance from the center drilling 

increases. In the directions of A and E, the permeability is 

low and its change is different from that in the previous two 

groups (B and D). As the distance from the center drilling 

increases, the permeability first decreases slowly and then 

decreases rapidly. This phenomenon may be caused by the 

small disturbance range in the A and E directions of jet 

drilling. The fracture propagation distance in these 

directions is relatively short. 

The permeability of the gas pressure at 0.89 MPa is 

extracted in all directions of A, B, C, D, and E. Contour 

lines are drawn to show the gas permeability distribution 

around the borehole to further analyze the experimental data. 

The void ratio distribution curve around the borehole is 

determined, as shown in Fig. 6, in accordance with the 

relationship between the permeability and the porosity. 

According to Casagrande’s research (Keramatikerman et al. 

2017, Gunaydin and Cetin 2020), the relationship between 

permeability and porosity is 

2

85041 .K.K   (19) 

Accordingly, the distribution law of the porosity around 

the borehole is obtained. The relationship between the 

permeability coefficient and permeability is 

158



 

Simulation study on porosity disturbance of ultra-large-diameter jet borehole excavation… 

 

(a) 20 cm 

 

(b) 40 cm 

 

(c) 60 cm 

Fig. 4 3D void ratio distribution map around the borehole after excavation of jet boreholes with three different diameters: 

(a) 20, (b) 40, and (c) 60 cm 
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The relationship between the permeability and porosity 

is 

2

85041 .K.
μ

kγ
  (21) 

The relationship between void ratio and porosity is 

transformed into 


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Introducing Formula (22) into Formula (21) yields 
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On the basis of this relationship, the void ratio 

distribution of coal around the borehole can be determined. 

The measured permeability of the section mainly 

expands in the vertical direction, and the speed of 

permeability attenuation in this direction is slower than that 

in the horizontal direction. The high-permeability area in 

the upper part of the borehole is large because the fractures 

formed by the borehole excavation greatly contribute to gas 

seepage. This is due to the fact that the stress release degree 

of the upper part is larger than that of the lower part in the 

early stage of drilling excavation. The excavation 

disturbance range in the lower part of the borehole is 

obviously larger than that in the upper part of the borehole.  

This is because the roof and both sides of the coal seam 

are supported by bolts, and no measures have been taken on 

the bottom plate. At the same time, the excavation position 

of the borehole is closer to the bottom plate, resulting in that 

the disturbance in the upper part of the borehole is not 

larger than that in the lower part of the borehole. The 

analysis of the VOIDR (void ratio) diagram indicates that 

the area affected by borehole excavation on coal seam pore  

 

Fig. 5 Gas pressure–permeability change curve 

 

Fig. 6 Distribution of interface permeability and void ratio 
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fracture density mainly presents a vertical ellipse, and the 

influence range extends to the entire roadway working face. 

 
4.3 Quantitative verification of the accuracy of 

simulation results of different models 
 
The simulation results of the disturbance (void ratio) 

distribution at 2 m are compared with the experimental 

findings (Fig. 7). The simulation results with and without 

wet coal are compared with the experimental results to  

 

 

 

verify the importance of coal softening in the wet area to 

the disturbance distribution. As observed, the contours of 

the high-value areas of the three void ratios are similar. 

Fig. 7(b) does not consider the softening of the wetted 

area. The horizontal disturbance range is obviously different 

from the experimental results. The research results that 

consider coal softening and wetting (Fig. 7(a))) are close to 

the experimental results. Therefore, coal body wetting and 

softening should be considered when studying roadway 

excavation. The maximum void ratio is distributed around  

 

Fig. 7 Comparison of simulation and experimental results 

 

Fig. 8 Comparative analysis of simulation and experimental data 
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the borehole, and the maximum values are 0.1581, 0.02961, 

and 0.03240 in sequence. The simulation results 

considering wetting are different from the experimental 

fitting results. The data fitted by the experiment are 

collected far from the borehole wall, which only avoids the 

coal-wetted area. Therefore, the experimental results have 

higher accuracy at a distance from the wall, while the 

simulation results at a closer position are more accurate. 

The simulation results considering the softening of the coal- 

wetted area are accurate. The data are collected and 

analyzed at a 45° interval with the center of the hole as the 

center to quantitatively determine the difference between 

the experimental and simulation results. The collected data 

are composed of data points at 0.5, 1, and 1.5 m from the 

hollow hole. A comparative analysis of the data is 

conducted, as shown in Fig. 8. 

Figs. 8(a)-8(c) show the distribution of void ratios in 

different directions according to the data of 0.5, 1, and 1.5 

m, respectively. At 0.5 m from the center of the borehole, 

the simulation results that consider wetting in all directions  

 

 

are relatively high, and the maximum difference is 0.027. At 

1 and 1.5 m from the center of the borehole, the simulated 

and experimental results considering wetting are very close, 

and the maximum difference is 0.0035. This small 

difference indicates that the simulation results are very 

close to the experimental results from a quantitative 

perspective. 

 
4.4 Influence of borehole diameter and coal softening 

range on the distribution of void ratio 
 

The intermediate cylindrical area is the disturbance 

distribution area when excavating the jet borehole alone. The 

tail peak area is the distribution area of the superimposed 

disturbance of jet drilling and roadway excavation. The tail 

peak area is close to the working surface, and the disturbance 

distribution is complicated. Thus, in-depth analysis is required.  

In the tail peak area, roadway excavation with support, 

borehole excavation, and wetting coal softening work together. 

The disturbance distribution at different locations in the tail  

 

Fig. 9 Spatial distribution of disturbed superimposed areas after jet hole drilling with different apertures 
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peak area is sliced (Fig. 9) to verify the influence of the 

abovementioned factors on the disturbance distribution. 

At a position close to the working surface, the range of the 

disturbance area is relatively large after the borehole is 

excavated. The disturbance area increases with the borehole 

diameter. When the hole diameter is the same, the 

disturbance area is large near the working surface and the 

void ratio is relatively high if coal wetting and softening are 

considered. The wetting and softening of coal can obviously 

increase the degree of disturbance in the plane. A 

comparison of the lengths of the tail peak area of each 

simulation result indicates that wetting and softening of the 

coal body can enhance the in-plane disturbance intensity, 

but they do not affect the superimposed axial disturbance 

propagation. Comparing the disturbance range of the front 

of the working face when only excavating the roadway 

without excavating the borehole implies that excavating the 

borehole can promote the expansion of the disturbance 

range of the roadway. Moreover, the axially superimposed 

disturbance range is related only to the diameter of the 

borehole excavation and not to the degree of wetting and 

softening. The disturbance caused by the excavation of 

ultra-large-diameter jet boreholes will superimpose the 

disturbance caused by the excavation of the roadway with 

supporting measures. The disturbance area and the 

maximum diameter of disturbance in the disturbance plane 

are analyzed, as shown in Fig. 10, to further quantitatively 

explore the change law of the tail peak area. 

I represents the distribution curve of the disturbance area or 

maximum disturbance diameter of void ratio at different 

positions after the excavation of jet boreholes when the wetting 

and softening of coal are ignored; II represents the distribution 

curve of the disturbance area or maximum disturbance 

diameter of the void ratio at different positions after the 

excavation of jet drilling when the wetting and softening of 

coal are considered; III represents the distribution curve of the 

disturbance area or maximum disturbance diameter of void  

 

 

ratio at different locations when only supported roadways 

are excavated. The disturbance area and the maximum 

disturbance diameter decrease first, rebound, and decrease 

again as the distance from the working surface increases. 

When only the roadway is excavated, the area of the 

disturbance zone at the front end of the working face 

increases first and then decreases. Therefore, the increase in 

the area of the disturbance zone caused by the excavation of 

jet drilling is mainly due to the disturbance caused by the 

excavation of the roadway. At the same time, the magnitude 

of the increase in the intermediate rebound is related to 

whether wetting and softening are considered. When the 

coal body is wetted and softened, the increase in rebound 

area is relatively small. The softening of the wetted coal 

body will reduce the disturbance fluctuations and promote 

the uniform balance of the disturbance distribution. The 

softening of the wetted coal body does not affect the length 

of the urban superposition area when drilling holes of the 

same hole diameter. Thus, the simulation results that 

consider the softening of the wetted coal body will be 

different from those that ignore the softening of the wetted 

coal body. The softening of the wet coal causes disturbance 

changes. The disturbance caused by the softening of the wet 

coal body is opposite to the disturbance change caused by 

excavating the roadway only. Therefore, the softening of the 

wet coal body hinders the fluctuation change in the 

excavation disturbance of the roadway. The disturbed area 

and the distance from the working face under three types of 

excavation apertures are analyzed to quantitatively assess 

the disturbance law of borehole excavation considering the 

softening of wetted coal, as shown in Fig. 11. 

m .0.9386, = R 9.4717, + 2.2236x - 0.1974x + 0.0056x- =y 

m .0.9671, = R 12.454, + 2.0935x - 0.1622x + 0.004x- =y 

m .0.9204, = R 12.384, + 1.0054x - 0.0678x + 0.0014x- =y 

223

223

223

60

40

20











  
(24) 

In the urban superposition area, the two present three 

relationships. 

 

Fig. 10 Disturbance superimposed area parameter distribution curve after drilling with different apertures 
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0.964 = R,11.3 + 3.65x + 0.375x- =y 22
 (25) 

The distribution state of the working surface directly affects 

the safety of workers. Therefore, the co-planar disturbance law 

is analyzed, as shown in Fig. 12. 

The relationship equation between the water wetting 

distance and the porosity disturbance range area under different 

jet apertures is shown below 

6745.7)1dln(2009.2)dln(0081.0rs   (26) 

 
4.5 Variation law of bolt support characteristics during 

excavation of jet boreholes with different diameters 
 
Fig. 13 shows that the void ratio around the borehole 

changes significantly as the borehole diameter increases. 

When only the roadway is excavated without excavating the 

jet hole, the high-void disturbance area is mainly 

concentrated on both sides of the roadway, and the 

disturbance range is small. The middle of the working face 

presents a circular high-void area. When a jet hole with a 

diameter of 20 cm is excavated, the disturbance zone of the 

two sides of the roadway with high void ratio expands 

rapidly, and the maximum void ratio increases. The 

disturbance from the drilling of the borehole is 

superimposed on the two sides of the roadway. The area of  

 

 

 

high void ratio in the central area of the working face also 

changes significantly. The disturbance area of high void 

ratio around the borehole in the working face is gradually 

connected with the disturbance area of high void ratio near 

the roadway outline. When the borehole diameter of the 

excavated jet is 40 cm, the disturbance area of the two sides 

of the roadway with high void ratio changes slightly. 

However, the maximum void ratio increases significantly.  

The high-void disturbance area around the borehole in 

the working face is fully connected to the high-void 

disturbance area near the roadway outline in the horizontal 

direction and vertically upward. When the borehole 

diameter of the excavated jet is 60 cm, the change in the 

disturbance area of the two sides of the roadway with high 

void ratio is small. However, the maximum void ratio 

increases significantly in this condition. The high-void 

disturbance area around the borehole in the working face is 

fully connected to the high-void disturbance area near the 

roadway outline. Therefore, whether excavating jet drilling 

greatly influences the size of the high-void area of the two 

sides of the roadway is unclear. After the jet borehole is 

excavated, the maximum void ratio of the two high-void 

areas of the roadway gradually increases as the borehole 

diameter of the jet borehole increases. Meanwhile, the range 

of the high-void area changes slightly. Therefore, the 

superposition of the disturbances on both sides of the 

roadway after excavation is the sum of the values of the  

 

Fig. 11 Quantitative analysis diagram of drilling parameters and disturbance parameters 

 

Fig. 12 Relation curve between drilling and disturbance parameters after excavation of working face 
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roadway and borehole excavation disturbances. In the work 

area, the area around the borehole with high void ratio and 

the area around the roadway outline with high void ratio are 

gradually connected as the diameter of the excavated jet 

borehole increases. The increase in the bore diameter of the 

jet borehole increases the scope and degree of superposition 

of borehole and roadway excavation disturbances. 

The relationship between the borehole diameter of 

excavation and the maximum disturbance void ratio of the 

two sides of the roadway is 

0.9414 = R4.9083 + 30.427x + 17.413x- =y 22 ，  (27) 

The effect will be reduced when the hole diameter of the 

excavation exceeds 0.87. At this time, the disturbance of the 

two sides of the roadway begins to decrease. 

 
 
5. Conclusions 
 
 The softening effect of coal obvious influences the 

porosity disturbance. At the same hole diameter, the 

simulation results considering coal wetting and softening 

are large in the disturbance area near the working surface, 

and the void ratio is relatively high. Coal wetting and 

softening can obviously increase the degree of in-plane 

disturbance but do not obviously affect the axial 

disturbance propagation after superposition. The axially 

superimposed disturbance range is related to only the 

diameter of the borehole excavation and not to the degree 

of wetting and softening. The increase in disturbance area 

in the tail peak area is mainly caused by the distribution 

of disturbance of roadway excavation. The magnitude of 

the increase in the intermediate rebound is related to 

whether wetting and softening are considered. When the 

coal body is wetted and softened, the increase in rebound 

area is relatively small. 

 The three-dimensional spatial distribution of coal porosity 

perturbed by the excavation of ultra-large-diameter jet  

 

 
boreholes is obtained. The distribution of the specific 
influence range of the void around each borehole is 
divided into three parts: the front cone, intermediate 
cylindrical, and tail peak areas. The disturbance area 
under excavation has a cubic relationship with the 
distance from the working face. The analysis of the 
situation of excavating only the roadway and not 
excavating the borehole indicates that excavating the 
borehole can promote the expansion of the excavation 
disturbance range of the roadway. At a position closer to 
the working face, the range of the disturbance area is 
relatively large after the borehole is excavated. The 
disturbance area also tends to increase as the borehole 
diameter increases. 

 The disturbance produced by the excavation of ultra-

large-diameter jet drilling will be superimposed with the 

disturbance produced by the excavation of the roadway 

with supporting measures. With the increase in the 

borehole diameter, the disturbance on the top of the 

roadway and the two supporting areas is enhanced, and 

the void ratio is significantly increased. The disturbance 

concentrates along the roof trapezoidal in the two sides of 

the roadway. The maximum disturbance of the two sides 

of the roadway also gradually increases with the increase 

in the drilling hole diameter within a certain range. A 

quadratic relationship exists between the borehole 

diameter of the excavation and the maximum disturbance 

void ratio of the two sides of the roadway. The fitting 

relationship equation indicates that the disturbance 

intensity of the two sides of the roadway decreases when 

the borehole diameter of the jet increases to 0.87 m. 
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