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The failure of surrounding rock in deep hard rock roadway is closely related to

mining disturbance. In this study, the 13# stope rampof −767 m level (at a buried

depth of 1,197 m) at Hongtoushan copper mine was taken as the engineering

background, a comprehensive analysis method of numerical analysis and

borehole detection was put forward, and the evolution law of fracture depth

of the ramp surrounding rock under the mining influence was obtained. The

results show that themaximum tangential stress and fracture depth of the ramp

surrounding rock on both sidewalls increase slowly at the initial mining stage.

When the ore body above the ramp is mined, the maximum tangential stress

and fracture depth of the ramp surrounding rock on both sidewalls increase

rapidly, and the two parameters are positively correlated. Based on this, the ratio

of the maximum tangential stress of the surrounding rock to the uniaxial

compressive strength of intact rock (σθmax/σc) and the equivalent radius (a) of

the roadway were used as parameters, and an equation for the fracture depth of

the roadway surrounding rock was proposed. Through the case analysis, the

results show that the proposed equation of fracture depth of the roadway

surrounding rock has good prediction accuracy. This study enriches the

research on the stability and failure mechanism of the roadway surrounding

rock under the mining disturbance, and provides new basis for the support

design of mining roadways.
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Introduction

The overhand cut-and-fill mining method has been widely

used in deep metal deposits, and the transportation roadway has

generally been arranged at the footwall of the ore body. The deep

stope and the roadway surrounding rock are often in a complex

stress environment (i.e., high ground stress, high ground

temperature, high osmotic pressure, and strong mining

disturbance). When the mining stress is greater than the

strength of the surrounding rock of the stope (roadway), the

spalling, rockburst and other failures of the surrounding rock can

be induced easily. As a result, the ore loss and dilution,

equipment damage and personnel casualties can be caused,

which seriously hinders the normal production of the mine

(Read, 2004; Zhao et al., 2013; Abdellah et al., 2014; Zheng

et al., 2015; Wei et al., 2022).

At present, research on the failure of the surrounding rock of

stope (roadway) induced by deep mining has been widely

conducted, and some progress in the mechanics and mining

engineering has been obtained. Through borehole television

monitoring and acoustic testing, Wang et al. (2015) studied the

damage range of roadway surrounding rock, and concluded that the

damage range of the roadway surrounding rock under the mining

influence is larger than that without mining influence. Based on the

numerical simulation method, Zhang andMitri (2008) explored the

key factors affecting the plastic zone of the surrounding rock in the

footwall transport roadway. It was found that under the mining

influence, the plastic zone of the surrounding rock of the footwall

transport roadway increases with the increase of the buried depth of

the roadway, and it also increases with the decrease of the distance

between roadway and stope. Through the numerical simulation

method, Jia et al. (2017) studied the mechanical mechanism and

distribution characteristics of the plastic zone of roadway

surrounding rock under the non-uniform stress field. The results

showed that when the stress around the roadway is greater than the

strength of the surrounding rock and the ratio of principal stress

around the roadway is large, the shear failure occurs in the

surrounding rock, and a butterfly-shaped plastic zone can be

formed. Abdellah et al. (2011) evaluated the issue of haulage drift

safety inmining activities using probabilistic methods. Aiming at the

Linglong gold mine in China, Cai and Lai (2003) investigated the

main influencing factors of the stability of the transport roadway by

the coupled data mining techniques, and analyzed the acoustic

emission signals and monitoring results. Liu et al. (2019) simulated

coal seams with different dip angles through the FALC3D software,

and discussed the characteristics of floor failure under the mining

influence. Waclawik et al. (2017) monitored the stress of the

surrounding rock of the roadway under long-wall mining. It was

concluded that the stress of surrounding rock changes with the

advance of the working face.

The stress change of the surrounding rock in underground

engineering is closely related to rock failure. Researchers have

conducted many studies on the relationship between stress and

failure of surrounding rock in engineering. Based on the damage

situation of the gold mine in South Africa, Ortlepp and Stacey

(1994), Ortlepp (2000) divided the damage degree of the roadway by

using the ratio of the maximum principal stress to the uniaxial

compressive strength. Specifically, when the maximum principal

stress is equal to 0.2σf, the spalling failure occurs in the surrounding

rock, when it exceeds 0.4σf, rockburst occurs in the surrounding

rock. By using maximum principal stress, minimum principal stress

and peak strength σf, Wagner and Wiseman (1980) proposed a

concept of stress concentration factor. It is concluded that when the

stress concentration factor SF is equal to or greater than 0.8, the

spalling failure occurs in the roadway surrounding rock. Hoek and

Brown (1980) made a more detailed classification of the damage

degree of the roadway by using the ratio of the maximum tangential

stress of surrounding rock to the uniaxial compressive strength of

rock (σθmax/σc).When σθmax/σc is equal to 0.34, slight spalling failure
occurs in the surrounding rock, when σθmax/σc is equal to 0.42,

severe spalling failure occurs in the surrounding rock. Dowding and

Andersson (1986) analyzed five typical cases of spalling failure of

surrounding rock in tunnels. It is believed that when the ratio of the

maximum tangential stress of surrounding rock caused by tunnel

excavation to the uniaxial compressive strength of rock (σθmax/σc)
exceeds 0.35, the spalling failure of surrounding rock occurs, when

σθmax/σc exceeds 0.5, the weak or medium rockburst occurs in

surrounding rock, when σθmax/σc exceeds 1.0, the strong rock burst
occurs in surrounding rock. Based on field-measured data, Martin

(1993), Martini et al. (1997), and MartinChristiansson (2009) and

Diederichs (2007) fitted empirical formulas with stress intensity ratio

and roadway size as parameters, and calculated the fracture depth of

the roadway surrounding rock. Perras and Diederichs (2016)

predicted the excavation damage zones of the brittle surrounding

rock of the underground tunnel by the empirical method and

numerical simulation method. Cai and Kaiser (2014) employed

numerical simulation and field comparison methods to study the

spalling failure strength at the excavation boundary in the field. The

results showed that the spalling strength of rock mass at the project

site is not 0.4 ± 0.1 times of the uniaxial compressive strength of

rock, but generally 0.8 ± 0.05 times of the uniaxial compressive

strength of rock. The above research results provide a valuable

reference for analyzing the stress, displacement and distribution

characteristics of the failure zone of the roadway surrounding rocks

under the mining influence. However, there are few studies on the

evolution and prediction of the fracture depth of roadway

surrounding rock under the influence of deep mining.

The 13# stope ramp of −767m level (at a buried depth of

1,197 m) at Hongtoushan copper mine, a wide range of spalling

failures under the mining influence occurred. Based on this

engineering background, the failure mechanism of the ramp

surrounding rock was analyzed, and the evolution process of the

maximum tangential stress of the ramp surrounding rock during the

overhand cut-and-fill mining was obtained by the FLAC3D software.

Besides, the fracture depth of the surrounding rock was measured by

the borehole detection, the stress-fracture depth evolution process of
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surrounding rock under the mining influence was comprehensively

analyzed, and the equation of rock fracture depth of mining roadway

was proposed by using the ratio of the maximum tangential stress of

surrounding rock of the roadway to the uniaxial compressive strength

of the intact rock (σθmax/σc) and the equivalent radius (a) of the

roadway. This study provides a basis for supporting design and

judgment of the fracture depth of roadway surrounding rock under

the mining influence.

Site description

Engineering geology

Hongtoushan copper mine is located in the northeast of

Liaoning Province, China (Figure 1). At present, it is one of the

deepest non-ferrous metal mine in China, with an exploration

depth of 1,657 m and amining depth of 1,257 m. In this mine, the

overhand cut-and-fill mining method was adopted. The 13#

stope ramp of −767 m level (at a buried depth of 1,197 m)

had a stage height of 60 m, a strike length of 50 m, and a

stope span of 30 m, and the dip of the stope is 70°. Parallel

blast hole rings were fired at a 3 m extracting height in the

horizontal panel and using multiple ring sequences. The stope is

backfilled with tailings and cement after every slice mined. Access

to cut-and-fill stopes is through ramp located in footwall of each

stope and inclined at the same dip as the ore body. The horizontal

distance between the ramp and 13# stope is about 20 m. The

horse-shoe-shaped ramp is a cross-section of 3.0 m width and

2.8 m height. To obtain the distribution of the structural planes in

the stope and surrounding rock, the on-site engineering

geological survey of the hanging wall, footwall and ore body

of the stope was carried out by using the scan line method. The

rock samples were taken on-site and the rock mechanical

experiments were carried out. The quality of the surrounding

rock of the stope was classified by rock mass rating (RMR) and

rock mass quality (Q) methods. The results showed that the

quality of rock mass was generally good. The mechanical

parameters of the ramp surrounding rock were estimated

based on the Hoke-Brown strength criterion, as shown in Table 1.

The regression equations of the maximum horizontal

principal stress, minimum horizontal principal stress and

vertical stress are obtained by hollow inclusion stress relief

method in the field as follows (Zhao et al., 2019).

⎧⎪⎨
⎪⎩

σh, max � 0.0273H − 0.5071
σh, min � 0.0235H − 3.7780
σv � 0.0316H − 5.6280

(1)

where σh,max, σh,min, and σv (MPa) are the maximum

horizontal principal stress, minimum horizontal principal

stress, and vertical principal stress, and H is the depth (m).

According to Eq. 1, the maximum horizontal principal stress

σh,max at −767 m (at a buried depth of 1,197 m) reaches

32.2 MPa with a direction of NW, the minor horizontal

principal stress σh,min is 24.4 MPa in the 167°/60° plane,

and the vertical principal stress σv is 32.2 MPa.

FIGURE 1
Location and regional geology of the Hongtoushan mine.
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Failure mechanism of the ramp
surrounding rock

The ramp of 13# stope was arranged in the hard rock

mass of the footwall. Due to its large buried depth and close

distance to the stope, this ramp was seriously affected by

mining. Figure 2 shows the typical spalling failure of the 13#

stope ramp under the mining influence. The ramp excavation

breaks the balance of the initial stress field, the stress begins

to redistribute, the tangential stress of the ramp surrounding

rock increases, the radial stress decreases. As a result, the

ramp is in a bidirectional stress state. Under the mining

influence, the ramp surrounding rock undergoes several

stress adjustments. When the maximum tangential stress

in surrounding rock exceeds the strength of the rock mass,

the stress-induced brittle failure of surrounding rock can be

caused. As it is difficult to obtain the strength of rock mass

on-site, Hoek and Brown (1980), Dowding and Andersson

(1986), Martin et al. (1999), Cai and Kaiser (2014), and Wang

et al. (2012) took the ratio of the maximum tangential stress

σθmax to the uniaxial compressive strength σc of intact rock as

the basis of brittle failure of hard rock. It can be seen that the

brittle failure of hard rock can be described by σθmax/σc.
Based on the empirical relationship between σθmax/σc and

fracture depth, the maximum tangential stress of the

surrounding rock under the mining influence can be

obtained by numerical calculation, and the fracture

depth of the surrounding rock of the mining roadway

can be quickly calculated with the empirical

formula. This equation can provide a reference for the

support design.

Analysis method for fracture
evolution process of the ramp
surrounding rock under the mining
influence

Numerical analysis

According to the engineering geological conditions of the

13# stope ramp of −767 m level (at a buried depth of 1,197 m),

TABLE 1 Mechanical parameters of rock samples and rock mass.

Site Rock samples Rock mass

Density/kg m−3 Uniaxial
compression
strength/MPa

Tensile
strength/
MPa

Young’s
modulus/GPa

Uniaxial
compression
strength/MPa

Tensile
strength/
MPa

Young’s
modulus/GPa

Hanging
wall

2,714 112.30 6.77 50.60 17.56 0.104 12.00

Ore body 4,224 105.50 7.23 55.20 24.80 0.142 15.69

Foot wall 2,724 132.80 7.49 51.00 36.13 0.402 28.40

Backfill 2,251 2.51 0.53 1.50 2.51 0.051 1.50

FIGURE 2
Spalling failure of the ramp surrounding rock in the 13# stope.
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a numerical simulation model was established. It was assumed

that the calculation model was a plane strain model, and the

rock mass was homogeneous and isotropic. The size of the

model was 200 m × 200 m (width × high), and the model was

divided into 87,520 units, as shown in Figure 3. To ensure the

calculation accuracy, the grid at the ramp position was

encrypted. The dip angle of the ore body was 70° and the

thickness was 30 m. The mixed boundary conditions were

adopted in the model. The vertical and horizontal

displacements were restricted on both sidewalls and the

bottom of the model. Stress constraints were applied on

both sidewalls and the top of the model, and the linear-

elastic model was used for simulation.

The FLAC3D software was used to analyze the evolution

process of the tangential stress of the ramp surrounding rock

of the stope under the mining influence. During the model

calculation, the ramp was excavated first, and then the 13#

stope was mined from the bottom to the top layers by layers.

There were 20 layers in total, and each layer was 3 m high.

After the stress balance was reached after the mining of the

previous layer, the backfilling of the next layer was

conducted.

Borehole detection

Borehole detection technology is an intuitive detection

method, which can quickly and accurately identify the

development of cracks in surrounding rock. At present, the

borehole detection method has been rarely used to observe the

failure evolution process of the roadway surrounding rock

under the deep mining influence in the existing studies. It is

necessary to use the borehole detection method to further

reveal the mining-induced failure evolution of roadway

surrounding rock.

The ZKXG100-type borehole camera detection device was

used on site to detect the fracture depth of the ramp surrounding

rock in the 13# stope. Three detection boreholes with a depth of

4 m and a diameter of 40 mm were drilled on the both sidewalls

and roof of the ramp. The both sidewalls of the detection

boreholes were 1 m high from the floor, with an upward

horizontal inclination of 5°. The roof detection boreholes were

set perpendicular to the roof. Figure 4 shows the specific layout of

the borehole detection. The field observation is from the first

layer mining until the end of the 13# stope mining. Whenmining

the ore body below the 14th layer in the 13# stope, the cracks in

FIGURE 3
Numerical model of the 13# stope and ramp.

FIGURE 4
Layout of borehole detection.
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the ramp surrounding rock were not significantly developed and

damaged. Therefore, Figure 9 only shows the detection results

when mining the ore body above the 14th layer in the 13# stope.

Comprehensive analysis method

To analyze the failure evolution process of surrounding rock

of the 13# stope ramp under the mining influence, a

comprehensive analysis method combining field investigation,

numerical analysis and borehole detection was proposed (see

Figure 5). In the field investigation, the failure characteristics and

occurrence mechanism of the ramp surrounding rock were

mainly analyzed to provide detailed data for the establishment

of the numerical calculation model and the location of the

borehole detection. The numerical analysis was used to study

the evolution law of the tangential stress of the ramp surrounding

rock under themining influence. Borehole detection recorded the

fracture depth of the ramp surrounding rock when different

layers were mined.

FIGURE 5
Comprehensive analysis method for the fracture depth evolution of the ramp surrounding rock under the mining influence.

FIGURE 6
Tangential stress varying at left sidewall during mining.
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Analysis of stress-fracture evolution
of the ramp surrounding rock under
the mining influence

Analysis of tangential stress evolution of
surrounding rock

To analyze the evolution process of tangential stress of the

surrounding rock under mining, measuring points were arranged

every 0.2 m along the radial direction 10 m at the left, right and

roof of the ramp, and the change of tangential stress at this point

was monitored, as shown in Figures 6–8. For simplicity, the

compressive stress was set as a positive value and the tensile stress

as a negative value.

As shown in Figure 6A, with the increase of radial depth, the

tangential stress value of the left sidewall first increases slightly,

and then begins to decrease. When the depth is about twice the

FIGURE 7
Tangential stress varying at right sidewall during mining.

FIGURE 8
Tangential stress varying of roof during mining.
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TABLE 2 Comparative analysis of the maximum tangential stress and fracture depth of the ramp surrounding rock.

Position\Layered 2 4 6 8 10 12 14 16 18 20

Left sidewall Maximum tangential stress/MPa 56.7 58.1 59.0 59.9 60.2 60.2 61.3 67.1 73.6 76.4

Fracture depth/m 0.18 0.20 0.23 0.36 0.42 0.51 0.73 0.91 1.17 1.17

Right sidewall Maximum tangential stress/MPa 56.0 57.3 58.2 58.7 59.2 59.4 60.1 63.2 68.5 72.4

Fracture depth/m 0.12 0.15 0.18 0.21 0.24 0.32 0.40 0.53 0.81 0.81

FIGURE 9
Failure of surrounding rock in the 13# stope ramp at different mining layers.
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roadway span from the left sidewall, the tangential stress value of

this point tends to be stable. As can be seen from Figure 6B, when

mining the ore body at the lower part of the ramp, the maximum

tangential stress at the left sidewall increases slowly. When

mining exceeds the level of the ramp (i.e., the ore body above

the 14th layer), the maximum tangential stress increases rapidly,

and then tends to be stable. The maximum tangential stress is

76.4 MPa.

As shown in Figure 7, the tangential stress of the right sidewall

has the same evolution law as that of the left sidewall. The difference

is that the tangential stress of the right sidewall is slightly smaller

than that of the left sidewall during the mining of the same layer.

After mining the 20th layer, the maximum tangential stress peak

value of the right sidewall is 72.4 MPa.

As shown in Figure 8, the tangential stress value is negative near

the roof, and the roof is in the tensile stress zone.With the increase of

radial depth, the tangential stress value of the roof changes from

negative to positive, and then begins to decrease. When the depth is

about twice the roadway span from the roof, the tangential stress

value at this point tends to be stable. At the initial stage of mining,

there is a tension zone on the ramp roof. When mining to the level

near the ramp, the tension zone disappears. With the development

of mining, the roof tension zone appears again. The maximum

tangential stress value of the ramp surrounding rock during the

whole mining process is listed in Table 2.

Analysis of evolution process of fracture
depth of the ramp surrounding rock

The damage degree of surrounding rock is mainly judged by

observing the development of cracks. The development range of

cracks can be regarded as the fracture depth of the surrounding

rock. The spalling fracture depth of surrounding rock generally

refers to the depth of continuous failure or serious failure of rock

mass (Wagner and Wiseman, 1980). Through the borehole

detection of the ramp surrounding rock, the failure of

surrounding rock in different periods of mining was obtained,

as shown in Figure 9. The red line in the figure indicates the

crack, the green area indicates the spalling of the borehole wall,

and the gray area indicates the spalling of surrounding rock.

When mining the 14th layer, the mining layers are at the

same level as the ramp. There are a few cracks on the inner wall of

the 1# borehole (in the roof) from the orifice to the position of

0.24 m, and the cracks above the position of 0.24 m are not

obvious. A large number of cracks are developed on the inner

FIGURE 10
The proposed equation of fracture depth of surrounding rock
in mining roadway.

FIGURE 11
The D-shaped tunnel with an effective tunnel radius.

TABLE 3 Comparative analysis of different methods for fracture depth of surrounding rock in engineering.

Cases\Methods Numerical simulation/m The proposed prediction
equation

Depth df/m Relative error/%

Underground transportation roadway of a mine in Canada Zhang and Mitri (2008) 3.50 3.22 8.0

Haulage roadway of Mufulira mine Kabwe and Bowa (2016) 0.83 1.01 21.7

Haulage roadway of Garson mine Abdellah et al. (2011) 3.81 3.42 10.2

Ore drawing roadway of Dongguashan copper mine Shu (2021) 2.50 2.21 11.6

Mean relative error/MRE 12.9
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wall of the 2# borehole (in the right sidewall) from the orifice to

the position of 0.4 m. The spalling with a thickness of 0.05 m in

the orifice can be observed, and a small range of spalling appears

on the borehole wall at the position of 0.22 m. The cracks above

the position of 0.4 m are not developed. A large number of cracks

are developed on the inner wall of the 3# borehole (in the left

sidewall) from the orifice to the position of 0.73 m. The spalling

with a thickness of 0.2 m in the orifice can be observed, and a

small range of spalling appears on the borehole wall at 0.25, 0.5,

and 0.55 m, respectively. The cracks above the position of 0.73 m

are not obvious.

When the 16th layer is mined, the mining layers exceed the

level of the ramp. New cracks appear in both sidewalls of the

ramp and the roof borehole. Besides, the maximum depth of

crack development in the 1# borehole (in the roof) is increased to

0.39 m, and the length of some original cracks is increased

slightly. The maximum depth of the failure development in

the 2# borehole (in the right sidewall) is increased to 0.53 m,

and the depth of spalling failure is increased to 0.09 m. In the 3#

borehole (on the left sidewall), the maximum depth of crack

development in the 3# borehole is increased to 0.91 m, and the

depth of spalling failure is increased to 0.26 m.

When the 18th layer is mined, no new cracks are found in the

1# borehole (in the roof), and only the length of some original

cracks is slightly increased. Compared with the previous

detection results, new cracks are generated in 2# and 3#

boreholes (in the right and left sidewalls), and the crack

development depth increases slowly, with the maximum depth

of 0.81 and 1.17 m. The new spalling failure occurs in 2# and 3#

boreholes (in right and left sidewalls), and the spalling fracture

depth is 0.21 and 0.5 m, respectively.

When the 20th layer is mined, new cracks are produced again

in the 1# borehole (in the roof), and the maximum depth of crack

development increases to 0.44 m. There is no new crack in 2#

borehole (in the right sidewall). No new cracks are found in the

3# borehole (in the left sidewall), but the spalling fracture depth is

increased to 0.6 m. The fracture depth of the ramp surrounding

rock during the whole mining process is summarized in Table 2.

Prediction of fracture depth of the
roadway surrounding rock under the
mining influence

Through the comprehensive analysis method of numerical

analysis and borehole detection, the evolution process of the

fracture depth of the surrounding rock under the mining

influence is analyzed. As shown in Table 2, the fracture depth

of the surrounding rock in the stope increases gradually with the

increase of the maximum tangential stress of the surrounding

rock, and the mining has a greater influence on the fracture depth

of the left sidewall than the right sidewall. Combined with the

failure mechanism of the ramp surrounding rock, it can be found

that the brittle failure of hard rock can be described by σθmax/σc.
The linear fitting of the data (the maximum tangential stress and

fracture depth in Table 2) is performed, then the equation of the

fracture depth of the surrounding rock of the mining roadway

can be obtained (see Figure 10) based on the equivalent radius (a)

of the roadway and the ratio of the maximum tangential stress of

surrounding rock to the uniaxial compressive strength of intact

rock (σθmax/σc). When the analyzed roadway section is D-shaped,

the effective radius of the roadway should be estimated

(Figure 11). The estimated fracture depth of the roadway

surrounding rock does not include the distance between the

two sidewalls and the boundary of the equivalent circle (△). To

verify the accuracy of the proposed equation, four engineering

cases affected by mining are analyzed (Table 3), and their relative

errors are calculated. Then the total error of all cases is predicted

and averaged, and the average relative error is 12.9%. The

calculation results of the proposed equation for the fracture

depth of surrounding rock in mining roadways are in good

agreement with the numerical analysis. It indicates that the

proposed equation has great practicability and accuracy in

predicting the fracture depth of surrounding rock in mining

roadway, which can provide a basis for the support design of the

engineering site.

Conclusion

Through the comprehensive analysis method of numerical

analysis and borehole detection, the evolution process of

surrounding rock fracture depth of deep mining ramp in

Hongtoushan copper mine was studied. The following

conclusions are obtained:

(1) Numerical simulation is used to analyze the evolution

characteristics of the maximum tangential stress of the

surrounding rock under the mining influence, and the

borehole detection analysis is carried out for the fracture

depth of the surrounding rock under the mining influence.

The results show that when mining the ore body at the lower

part of the ramp, the maximum tangential stress and fracture

depth of the two sidewalls of the ramp increase slowly. When

mining exceeds the level of the ramp, the maximum

tangential stress and fracture depth of the two sidewalls

increases rapidly and reach the maximum value at the end of

mining, and there is a positive correlation between the two

values. In addition, the rock fracture depth of the left sidewall

of the ramp is significantly greater than that of the right

sidewall under the mining influence. Compared with the

mining of the ore body below the ramp, the same level of

mining has a greater impact on the fracture of

surrounding rock.

(2) The ratio of the maximum tangential stress of surrounding

rock to the uniaxial compressive strength of intact rock
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(σθmax/σc) and the equivalent radius (a) of the roadway are

taken as parameters, and the equation of fracture depth of

surrounding rock of the mining roadway is proposed.

Through the engineering cases analysis, the proposed

equation has good practicability and accuracy.

(3) This study provides a basis for the stability analysis and

support design of surrounding rock under the mining

influence.
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