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Abstract: In order to study the collapse failure of shaft wall of high depth inclined ore-pass under 

ore impact wear behavior, 25 ore-passes in a deep mine in Yunnan, China were investigated. 

Considering the ore-pass structural characteristics and the impact wear effect of ore on shaft wall, 

the shaft wall damage model of high depth inclined ore-pass is constructed based on the contact 

mechanics theory. Furthermore, No. 1#, 2#, 3# and 9# ore-passes of the mine are taken as examples for 

analysis, and the three results of theoretical analysis, numerical simulation and engineering case are 

used for comparison and verification. The shaft wall damage degree is predicted, and the damage 

mechanism between total shaft wall damage volume Qtol and ore-pass depth H, ore-pass dip angle 

θ, inclined angle of chute α, shaft diameter D and ore block size P is quantitatively investigated. The 

results show that the rationality of the proposed model is verified by numerical analysis and field 

engineering situations. Moreover, the deeper ore-pass depth H, the more shaft wall damage volume 

Qtol with the increase of collision frequency. Qtol increases exponentially with P and increases 

gradually with D. With the increase of θ or α, Qtol increases generally first and then decreases. 

Therefore, Qtol can be effectively reduced by selecting the appropriate structure parameters of ore-

pass and adopting the technology of drilling straight ore-pass. This work provides technical support 

for long period safe operation of high depth inclined ore-pass. 

Keywords: shaft wall damage model; high depth inclined ore-pass; ore-pass structure parameters; 

ore block size; impact wear behavior 

 

1. Introduction 

Deep mining is a future development trend and kilometer-deep metal mines become 

particularly common [1–5]. High depth inclined ore-pass (depth exceeding 100 m) is regarded as an 

important project for low-cost downward transportation of deep mining, and it is the throat 

connecting the middle production levels with haulageways in underground mines [6]. Due to the 

different geological environment, complex mining conditions, improper structural parameters of ore-

pass (i.e. depth and dip angle of ore-pass), the impact wear effect of the extracted ore blocks can cause 

the shaft wall to sag and wear, even lead to shaft wall damage and collapse accidents. Therefore, the 

damage degree of shaft wall for high depth inclined ore-pass under impact wear behavior is 

investigated to ensure long period safety running. 

At present, some works have been carried out on the shaft wall damage of ore-pass. Zhao et al. 

[7] studied the damage characteristics of shaft wall for vertical ore-pass based on the erosion wear 

theory and Hertz contact theory. Yin et al. [8,9] determined the initial collision position distribution 

of ore transporting in the vertical ore-pass, and deduced the three-dimensional moving track 

equation before collision. Deng et al. [10] studied the changes of internal force chain structure of bulk 

ores under discharge impact at different heights using PFC (Particle Flow Code) numerical 
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simulation. Through the similarity experiments on ore drawing in ore-pass, Liu et al. [11,12] obtained 

the ore moving track and the shaft wall wear range, and developed a panoramic scanning imaging 

device of vertical ore-pass; Ren et al. [13] recorded the changes of rock strata using total station 

observation method, revealing the impact points distribution and its failure rule of ore drawing in 

the vertical ore-pass with different geological structures. Esmaieli et al. [14,15] analyzed the stress 

state around the chute using three-dimensional boundary elements to study the shaft wall failure 

mechanism under impact load and material flow wear. Campbell [16] built lateral pressure theory on 

the basis of lateral pressure and coefficient of lateral pressure using the micromechanics theory. 

Kulshrestha et al. [17] proposed an ore-pass scanner based on interferometer synthetic aperture radar 

(InSAR) time series to monitor potential collapse areas of shaft wall. In addition, scholars also have a 

preliminary study on the influence factors of shaft wall damage for ore-pass, such as the shape and 

size of ore [18,19], the size of ore-pass [20], the drawing speed [21], the crack of surrounding rock [22], 

etc. In general, the relevant researches mainly focus on the damage range of shaft wall and the ore 

flow rule in the vertical ore-pass, while the shaft wall damage caused by structural parameters of 

high depth inclined ore-pass and ore block size is rare, which is difficult to meet the requirements of 

practical engineering. 

Based on the field investigation of 25 ore-passes in a deep mine in Yunnan, China, a shaft wall 

damage model of high depth inclined ore-pass was established, the shaft wall damage volume was 

calculated using the contact mechanics theory, and the influences of ore block size, shaft diameter, 

inclined angle of chute, ore-pass depth and dip angle on the shaft wall damage volume were 

discussed in this paper. Taking No. 1#, 2#, 3# and 9# ore-passes as examples, the rationality of the 

proposed model was verified by the numerical simulation and the engineering case. This paper can 

provide a new approach for the research of damage control and structural parameter optimization of 

high depth inclined ore-pass under impact wear behavior. 

2. Shaft wall damage model of high depth inclined ore-pass 

2.1. Basic model 

Figure 1 shows the basic structure of high depth inclined ore-pass of a deep mine in Yunnan, 

China, the extracted ores are discharged to the shaft section from ore discharge port. When the ores 

collide with shaft wall, problems such as deep depression and large wear range of shaft wall may 

occur under impact wear effect of ore blocks. In severe cases, it may induce a wide range of shaft wall 

collapse failure, which is mainly concentrated in the area near the intersection of chute and shaft. 

 

Figure 1. The basic structure of high depth inclined ore-pass. 

When a large ore block collides with shaft wall, the ore presses into the wall with the normal 

impact force Fn, and slides relative to shaft wall surface with the tangential impact force Ft, resulting 

in impact wear on shaft wall. 𝛿, l and a are respectively ore indentation depth, wear length and 

contact radius between ore and shaft wall. As shown in Figure 2, the indentation depth and wear 

length are coupled together to form the shaft wall damage volume Q. 
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Figure 2. Shaft wall damage model of high depth inclined ore-pass. 

2.2. Basic Assumptions 

In order to simplify the calculation of the shaft wall damage volume, the following assumptions 

are made. 

(1) The extracted ore is assumed to be a sphere of uniform mass, and the moving ore is regarded as 

a particle. Only the translation of ore is considered, while the rotation of ore is ignored. 

(2) The shaft is a flat and inclined cylinder with the same lithology and the rock mass of shaft wall 

obeys the Mohr-Coulomb criterion. 

(3) Only the interaction between ore and shaft wall is considered, while the interaction between ores 

and the mass loss of ores are ignored. 

2.3. Theoretical solution 

2.3.1. Ore indentation depth δ 

Based on the contact mechanics theory, the deformation process of ore colliding with shaft wall 

can be roughly divided into two stages: ① the elastic deformation of shaft wall occurs at the initial 

stage of contact between ore and shaft wall; ② when the deformation of shaft wall exceeds the elastic 

limit and reaches the initial yield state of shaft wall rock mass, the plastic deformation of shaft wall 

occurs. 

(1) Elastic deformation stage 

Due to the low velocity of ore impacting shaft wall, the contact between ore and shaft wall can 

be regarded as quasi-static contact [23]. Based on the quasi-static contact mechanics theory [24], the 

normal impact force Fn in elastic deformation can be expressed. 

1 3
* 2 24

3nF E R δ=  (1)

where R is the radius of spherical ore, P is defined as the ore block size, P = 2R. E* is the equivalent 

elastic modulus, satisfying 

1 2
*

1 2

1 11
E E E

ν ν− −
= +  (2)

where E1, ν1, E2 and ν2 are the elastic modulus and the Possion ratio of ore and shaft wall respectively. 
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By Newton’s second law of motion, it is satisfied that 

1 32
* 2 2

2
4
3

d
m E R
dt

δ
δ− =  (3)

where m is the mass of spherical ore, m = 4πρR3/3, ρ is the density of ore, d2δ/dt2 is the ore normal 

acceleration at collision. Combined with initial collision conditions, Equation (4) is obtained by 

integrating Equation (3). 

1 5
2 2 * 2 28[ ( ) ]

2 15n

m d
v E R

dt

δ
δ− =  (4)

where vn is the ore normal velocity before collision, dδ/dt is the ore normal velocity at collision. 

From the general collision process, the ore normal impact velocity decreases continuously from 

the time when ore starts to contact shaft wall to the time when ore indentation depth reaches the 

maximum. When dδ/dt = 0, the maximum ore indentation depth δm in the elastic stage can be solved. 

22
5

1
* 2

15( )
16

n
m

mv

E R

δ =  (5)

(2) Plastic deformation stage 

Based on the elastic-plastic contact mechanics theory [25], when the shaft wall begins to deform 

plastically, it is satisfied that 

n qσ ησ=  (6)

where σn is the normal contact stress between ore and shaft wall, σq is the initial yield strength of rock 

mass of shaft wall. η is a dimensionless factor, and η = 1 when the rock mass of shaft wall is initially 

yielding. From Equation (6), the normal impact force Fn* in the plastic deformation of shaft wall can 

be written. 

* *2
n nF aπ σ=  (7)

where a* is the contact radius between ore and shaft wall in plastic deformation, and a* = aq when the 

rock mass of shaft wall is initially yielding. The relation between contact radius a and ore indentation 

depth δ is expressed. 

2a Rδ=  (8)

Combining Equations (1), (7) and (8), ore indentation depth δq at the initial yield can be solved. 

2 2

*2

9
16

q

q

R

E

π σ
δ =  (9)

According to the law of conservation of energy, the ore normal impact kinetic energy is 

transformed into the elastic deformation energy of shaft wall and the energy consumed by the plastic 

deformation. Thus, it is satisfied that 

*
2 * *1

2
m

q
n nmv U F d

δ

δ
δ= +   (10)

where δ* and δm* are respectively ore indentation depth when shaft wall is in plastic deformation and 

when the plastic deformation reaches the maximum. U is the elastic deformation energy of shaft wall, 

which can be expressed. 

1 5
* 2 28

15
U E R δ=  (11)
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Substituting Equations (7) and (11) into (10), the maximum ore indentation depth δm* can be 

solved. 

1 5
2 * 12 2

* 2 2
15 16

( )
15
n q

m q

q

mv E R

R

δ
δ δ

π σ

−
= +  (12)

The maximum ore normal impact force Fnm* can be calculated by substituting Equation (12) into 

(7). 

1 5 1
* 2 * 22 2 216[ ( )]

15nm q n q q qF R mv E R Rπ σ δ π σ δ= − +  (13)

2.3.2. Wear length l 

Owing to the tangential impact effect of moving ores, the ores have a slight sliding relative to 

shaft wall, resulting in the wear of shaft wall. Based on the kinetic energy theorem, the change of 

tangential kinetic energy of ore impacting shaft wall is transformed into friction work, satisfying 

* 2 21 ( 1)
2nm t tF l mv eµ− = −  (14)

where vt is the ore tangential velocity before collision, μ is the sliding friction factor, en and et are 

respectively normal and tangential collision recovery coefficients. By the quasi-static contact 

mechanics theory, the collision recovery coefficients are expressed, respectively [26,27]. 

9 5
3 5 11 14 4

82 4
*

83( ) ( )
5

1 ( 1)( )

q

n n

n
t n

t

R
e v

E m

v
e e

v

σπ

µ

−

 =



= − +


 (15)

Combining Equations (14) and (15), the wear length l can be written. 

*

( 1)
2

n n t

nm

e mv v
l

F

+
=  (16)

2.3.3. Shaft wall damage volume Q 

Shaft wall damage volume Q per unit wear length can be expressed [28]. 

1 1 1
2 2 2 2[arcsin( ) ( ) (1 ) ]

4 4 4
m m mdQ

R
dl R R R

δ δ δ
= − −  (17)

Combining Equations (13)-(17), shaft wall damage volume Q can be solved. 

1 1 12 * * *
2 2 2

*

(2 ) [arcsin( ) ( ) (1 ) ]
2 4 4 4

n t n m m m

nm

mv v v R
Q

F R R R

λ λ δ δ δ

µ

−
= − −  (18)

where λ is the coefficient, λ = μ(en +1). 

3. Engineering case 

3.1. Reasonableness of the shaft wall damage model of high depth inclined ore-pass 

Taking the ore-pass engineering system of a deep mine in Yunnan, China as the research object, 

the theoretical calculation results of the1 shaft wall damage model are compared with the numerical 
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simulation results and the field engineering situations to verify the rationality of the proposed model 

of high depth inclined ore-pass. 

3.1.1. Engineering survey 

The ore body of a deep mine in Yunnan, China mainly occurs in the strata of Baizuo Formation 

with rock dip angle of 55°-65°, which is like a kind of net-vein ore body. The main mining method is 

the mechanized panel overhand (underhand) supported mining method with a production capacity 

of 700,000-750,000 t/a, and the ores produced are mainly primary lead-zinc sulfide ores. At present, 

the mining depth and middle production level height of the mine are 1614 m and 60 m respectively. 

After years of mining, paste supporting has been completed in the middle production levels of +1764 

m and above, the four middle production levels +1584 m, +1404 m, +1344 m and +1274 m are being 

stoped, and the middle production levels of +1104 m and below is being developed. 

It can be seen from Figure 3 that the mine drills ore-pass by raise-boring machine, and more than 

20 ore-passes have been completed. All of these ore-passes are shaft diameter about 2 m, ore-pass dip 

angle of 50°-80°, ore-pass depth of 60-360 m, and inclined angle of chute of 45°-70°. 

 

Figure 3. An ore-pass by raise-boring machine. 

3.1.2. Parameter Selection 

Four ore-passes, No. 9#, 2#, 3# and 1#, were selected and labeled respectively as operating 

conditions 1, 2, 3 and 4 for comparative analysis. According to the geological data of the mine, the 

physical and mechanical parameters of ore and shaft wall rock mass are reported in Table 1. In 

addition, based on the engineering design of ore-pass system of the mine, it can be obtained that the 

vertical height of ore discharge port h1, chute height h2 and ore bin height h3 of the four ore-passes are 

4.4 m, 1.0 m and 19.6 m respectively, and other structural parameters are shown in Table 2. The block 

size of ores in the ore-passes is set at 400 mm. 

Table 1. Physical and mechanical parameters of ore and shaft wall rock mass. 

Type 

Elastic 

modulus 

E/(GPa) 

Poisson ratio 

ν 

Volumetri

c weight 

γ/(KN·m-3) 

Initial 

yield 

strength 

σq/(MPa) 

Friction 

angle 

 𝝋/(°) 

Cohesion 

c/(MPa) 

Coefficient 

of sliding 

friction 𝝁 

Shaft wall 

rock mass 
16.80 0.26 27.80 59.52 42 10.60 

0.40 

Ore 14.09 0.25 40.80 — — — 
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Table 2. Structural parameters of ore-pass. 

Operating 

condition 

Ore-pass dip 

angle 𝜽/(°) 

Shaft diameter 

D/(m) 

Ore-pass 

depth 

H/(m) 

Inclined angle of chute 𝜶/(°) 

1 80 2 70 70 

2 70 2 180 60 

3 55 2 60 65 

4 60 2 180 45 

It’s reported that the ore kinetic energy and the shaft wall damage volume decreases greatly 

with the increase of collision frequency, thus the shaft wall damage volume after more than three 

collisions is negligible [7–9,13]. In this paper, the first three collision positions are taken, and the shaft 

wall damage volume calculated by Equation (18) is accumulated to obtain the total shaft wall damage 

volume Qtol. The collision points in high depth inclined ore-pass of a deep mine are shown in Figure 

4. 

 

Figure 4. Ore collision points in high depth inclined ore-pass of a deep mine. 

Considering the structural characteristics of high depth inclined ore-pass, the prerequisite for 

the k-th collision between ore and shaft wall is as follows. 

1 2 3
1

( )
n

k

k

y H h h h
=

< − + +  (19)

where k is the number of collision, and yk is the vertical displacement of ore relative to shaft wall 

from the (k-1)-th collision to the k-th collision. Based on the kinematic principle and the geometrical 

structure of the ore-passes, the relation between the ore vertical displacement and the structural 

parameters of high depth inclined ore-pass can be derived. 

2 2
0

( 1) 2 2
( 1) ( 1) ( 1)

cos tan , 1
cos
2

[ tan sin tan sin cos ], 2,3
k

k n

k n k t k t

vD
k

g
y

v
v v v k

g

ξ α θ

θ

θ θ θ θ θ−

− − −


+ =


= 
 + + =

 (20)
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where ξ is the coefficient, ξ = (tanθ+tanα) –[(tanθ+tanα)2+(2gD)/(v02cos2αcosθ)]1/2. vkn and vkt are 

the normal and tangential velocities before the k-th collision respectively, and they can be 

derived. 

2 2
0

( 1) ( 1)

sin ( ) 2 cos , 1
, 2,3kn

k n k n

v gD k
v

e v k

α θ θ

− −

 + + =
= 

=
 (21) 

2 2
0 0 0

( 1) ( 1) ( 1) ( 1)

[ sin ( ) 2 cos sin( )] tan cos( ), 1
2 sin (cos sin tan ), 2,3kt

k t k t k n k n

v gD v v k
v

e v e v k

α θ θ α θ θ α θ

θ θ θ θ− − − −

 + + − + − + =
= 

+ + =
(22) 

3.1.3. Result analysis 

In order to verify the rationality of the theoretical calculation results of the proposed model, the 

numerical model of shaft wall in operating conditions 1, 2, 3 and 4 was established by ABAQUS 

software, and the maximum ore indentation depths at the initial collision position obtained by 

numerical calculation are compared with the theoretical solutions. The boundary of the numerical 

model was subject to fixed constraints, and the shaft wall rock mass obeyed the Mohr-Coulomb 

criterion. The numerical simulation results of the four operating conditions are directly presented in 

Figure 5. 

 

(a) (b) 

(c) (d) 

Figure 5. Numerical simulation results of the maximum ore indentation depth. (a) Operating 

condition 1; (b) Operating condition 2; (c) Operating condition 3; (d) Operating condition 4. 

As can be seen from Figure 5, the tendencies of the maximum ore indentation depth of the four 

operating conditions are distributed radiantly from the collision center to the surrounding areas, and 

gradually decrease. The comparison of numerical simulation results and theoretical calculation 

results of the maximum ore indentation depth at the initial collision position under four operating 

conditions are presented in Figure 6. 
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Figure 6. Comparison of the results of theoretical calculations and numerical simulations. 

It can be seen from Figure 6 that the theoretical solutions have good agreement with the 

numerical results. The maximum ore indentation depth in operating conditions 3 and 4 is close and 

the deepest, and the maximum ore indentation depth in operating condition 1 is the shallowest, 

which indicates that the damage degree of shaft wall for high depth inclined ore-pass in four 

operating conditions is successively ranked as working conditions 1, 2, 3 and 4. 

Based on the field investigation of the deep mine, the shaft wall of No. 1# ore-pass (operating 

condition 4) has collapsed extensively and has stopped operating. The shaft wall of No. 3# ore-pass 

(operating condition 3) is seriously damaged, resulting in blockage of ore bin at the bottom of the ore-

pass, and it has been scrapped. The damage degree of shaft wall of No. 2# ore-pass (operating 

condition 2) is normal, and the entrance of ore bin is occasionally blocked by large chunks of ore. No. 

2# ore-pass can continue operate after rebar bound charge blasting vibration method is used to dredge 

the blocked position, and residual mineral and rock scattered bodies can be seen at the bottom of the 

ore-pass (Figure 7). The shaft wall of No. 9# ore-pass (operating condition 1) has a slight damage, and 

no shaft wall collapse and ore blocking, it can work normally. Therefore, the results of theoretical 

calculation, numerical simulation and engineering case are basically consistent, and the rationality of 

the proposed model is verified. 

 

Figure 7. Bottom of No. 2# ore-pass of a deep mine. 
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3.2. Influence of ore-pass depth H 

In order to investigate the influence of ore-pass depth on the shaft wall damage volume, the ore 

block size (P = 400 mm), the shaft diameter (D = 2 m) and the inclined angle of chute (α = 60°) were 

kept constant, and the ore-pass depth H was set between 60 m and 420 m. The ore-passes were 

divided into five groups according to ore-pass dip angle θ (60°, 65°, 70°, 75° and 80°). Figure 8 

presents the variation of total shaft wall damage volume Qtol determined from Equation (18) with 

respect to ore-pass depth H across ore-pass dip angles. 

 

Figure 8. Variation of total shaft wall damage volume Qtol with respect to ore-pass depth H across ore-

pass dip angles. 

As shown in Figure 8, ore-pass dip angle θ has a significant influence on the Qtol-H relation curve 

shape. When θ = 60° and θ = 80°, total shaft wall damage volume Qtol remains unchanged with the 

increase of ore-pass depth H. When θ = 65°, θ = 70° and θ = 75°, Qtol increases at different degrees first 

and then stabilizes with H. 

When θ = 60° and θ = 80°, no matter how ore-pass depth H changes, the number of ore collision 

with shaft wall remains unchanged, which is 3 times and 1 time respectively, thus casing total shaft 

wall damage volume Qtol does not change. When θ = 65°, θ = 70° and θ = 75°, the number of collisions 

respectively increase from 1 and 2 to 3 with the increase of ore-pass depth H, the total shaft wall 

damage volume Qtol increase. 

Therefore, controlling ore-pass depth within 240 m can effectively reduce the collision frequency 

between ore and shaft wall, thereby reducing the damage degree of shaft wall of high depth inclined 

ore-pass. 

3.3. Influence of ore-pass dip angle θ 

In order to reveal the influence of ore-pass dip angle on the shaft wall damage volume, the ore 

block size P, the shaft diameter D and the inclined angle of chute α were fixed at 400 mm, 2 m and 

60°, respectively, and the ore-pass dip angle θ was set between 50° and 89°. The ore-passes were 

divided into four groups according to depth H (60, 120, 180 and 240 m). Figure 9 presents the variation 

of total shaft wall damage volume Qtol determined from Equation (18) with respect to ore-pass dip 

angle θ across ore-pass depths. 
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Figure 9. Variation of total shaft wall damage volume Qtol with respect to ore-pass dip angle θ across 

ore-pass depths. 

As shown in Figure 9, the ore-pass depth H has a great influence on the Qtol-θ relation curve 

shape. The total shaft wall damage volume Qtol increases first and then decreases as ore-pass dip 

angle θ increases, and the maximum point of the curve exists in the range of ore-pass dip angle θ 

from 60° to 80°. Three curves of H = 120 m, H = 180 m and H = 240 m have a maximum point in this 

range, and the curve of H = 60 m has two maximum points and one minimum point in the range. 

Moreover, the greater ore-pass depth H, the greater the maximum value of total shaft wall damage 

volume Qtol. 

The reason is that when ore-pass dip angle θ gradually increases, the ore indentation depth 

decreases with the ore normal impact velocity, and the wear length increases with the tangential 

impact velocity, thus the coupled total shaft wall damage volume Qtol increases first and then 

decreases. For the ore-pass with a depth of 60 m, when ore-pass dip angle θ is 65°-80°, the number of 

collisions between ore and shaft wall gradually decreases from 3 to 1. Since the total shaft wall 

damage volume Qtol caused by ore colliding shaft wall is different each time, the curve of Qtol-θ has 

two maximum values and one minimum value. 

Therefore, on the one hand, it is considered to reduce total shaft wall damage volume by 

controlling ore-pass dip angle within 60°. On the other hand, the total shaft wall damage volume can 

be reduced by control the number of collisions between ore and shaft wall, which requires the 

selection of the ore-pass dip angle greater than 80° or the technology of drilling high depth straight 

ore-pass. 

3.4. Influence of inclined angle of chute α 

In order to study the influence of the inclined angle of chute on the shaft wall damage volume, 

the ore-pass dip angle θ, the shaft diameter D and the ore block size P were fixed at 70°, 2 m and 400 

mm, respectively, and the inclined angle of chute α was set between 40° and 90°. The chutes of ore-

pass were divided into three groups according to ore-pass depth (60, 120 and 180 m). Figure 10 

presents the variation of total shaft wall damage volume determined from Equation (18) with respect 

to inclined angle of chute α across ore-pass depths. 
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Figure 10. Variation of total shaft wall damage volume Qtol with respect to inclined angle of chute α 

across ore-pass depths. 

It can be seen from Figure 10 that the ore-pass depth H plays an important role in the Qtol-α 

relation curve shape. As long as ore-pass depth H is deeper, the total shaft wall damage volume Qtol 

is greater, and the shaft wall is more vulnerable to damage. It can also be found from Figure 10 that 

the total shaft wall damage volume Qtol increases first and then decreases with inclined angle of chute 

α. When α < 70°, Qtol increases with α, and the increasing rate of Qtol-α curve decreases. When α > 70°, 

Qtol decreases with α, and the growth rate of this curve increases gradually. The maximum value of 

Qtol appears when α = 70°. 

The reason is that inclined angle of chute α determines the velocity direction of ore hitting shaft 

wall. When inclined angle of chute α increases, the ore indentation depth decreases with the decrease 

of the ore normal impact velocity, the wear length increases with the increase of the tangential impact 

velocity, thus the total shaft wall damage volume Qtol increases first and then decreases. 

Therefore, on the one hand, the main consideration is to control total shaft wall damage volume 

by reducing the wear length, which requires that the inclined angle of chute should be less than 50° 

as far as possible. On the other hand, the total shaft wall damage volume is reduced by controlling 

ore indentation depth, so inclined angle of chute should be as close as possible to 90°. 

3.5. Influence of shaft diameter D 

The influence of shaft diameter on the shaft wall damage volume was evaluated by fixing the 

inclined angle of chute (α = 60°), the ore-pass depth (H = 120 m) and the ore block size (P = 400 mm). 

Moreover, the shaft diameter D was set within 1.0-4.0 m, and the ore-passes were divided into three 

groups according to ore-pass dip angle (60°, 65° and 70°). Figure 11 presents the variation of total 

shaft wall damage volume determined from Equation (18) with respect to shaft diameter D across 

ore-pass dip angles. 

It can be seen from Figure 11 that ore-pass dip angle θ has an obvious influence on Qtol-D relation 

curve shape, and the total shaft wall damage volume Qtol is positively correlated with shaft diameter 

D. For the two curves of θ = 60° and θ = 65°, Qtol increases with D, and the growth rate of Qtol-D 

relation curve remains unchanged. For the curve of θ = 70°, when the shaft diameter D is in the range 

of 1.0-3.5 m, Qtol increases with D, when the shaft diameter D is greater than 3.5 m, Qtol decreases 

slowly with D. 

When θ = 60° and θ = 65°, the collision frequency between ore and shaft wall remains unchanged, 

the increase rate of Qtol-D relation curve remains relatively stable. When θ = 70°, with the increase of 

shaft diameter D, the number of ore collision with shaft wall gradually decreases from 3 to 1, thus 

Qtol begins to decrease when D = 3.5 m. 
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In actual engineering project, it is recommended to use raise-boring machine with diameter less 

than 2 m as far as possible to complete the construction of the shaft, so as to effectively control the 

total shaft wall damage volume. 

 

Figure 11. Variation of total shaft wall damage volume Qtol with respect to shaft diameter D across 

ore-pass dip angles. 

3.6. Influence of ore block size P 

The impact of ore block size on the shaft wall damage volume investigated by fixing the inclined 

angle of chute (α = 60°), the ore-pass dip angle (θ = 70°) and the shaft diameter (D = 2 m). In addition, 

the ore block size P was set within 100-600 mm, and the ore-passes were divided into three groups 

according to ore-pass depth (60, 120 and 180 m). Figure 12 shows the variation of shaft wall damage 

volume determined from Equation (18) with respect to ore block size P across ore-pass depths. 

 

Figure 12. Variation of total shaft wall damage volume Qtol with respect to ore block size P across ore-

pass depths. 

As shown in Figure 12, the ore-pass depth H has a slight influence on the Qtol-P relation curve 

shape, and the greater ore-pass depth H, the greater total shaft wall damage volume Qtol. It can also 

be found from Figure 12 that Qtol and P are positively correlated, and Qtol increases with P. 

Furthermore, the growth rate of the Qtol-P relation curve increases continuously, which indicates that 

the ore block size P greatly affects the total shaft wall damage volume Qtol. 
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The reason is that the ore indentation depth and the wear length increase with the increase of 

ore normal and tangential impact velocity respectively, thus the total shaft wall damage volume 

increases exponentially. 

Therefore, the grate should be installed at ore discharge port to strictly control the ore block size 

within 300 mm. The total shaft wall damage volume can be reduced by controlling the ore block size, 

and the large-scale collapse failure caused by the impact wear behavior of large ores on the shaft wall 

is prevented. 

4. Discussion 

(1) The moving ore is regarded as a particle without considering its own rotation, and the damage 

to shaft wall caused by other motion states of ore and gravity of large ore is ignored. In the 

subsequent research, the oblique impact theory of ball can be considered to study the damage 

and failure of shaft wall under the action combined various motion states such as translation 

and rotation. 

(2) The analytical solutions of the shaft wall damage volume may exhibit calculation errors as the 

lithology of rock mass of shaft wall is assumed to be the same. The influence of the lithology of 

rock mass of shaft wall should be comprehensively considered in future studies. 

(3) The interaction between ores and the mass loss of ores in the collision are ignored, which results 

in an inaccurate calculation result of the shaft wall damage volume. In order to optimize the 

calculation result, the energy loss caused by ore interaction can be considered from the energy 

theory. 

(4) This paper mainly studies the shaft wall damage of high depth inclined ore-pass under impact 

wear behavior, calculates the shaft wall damage volume and predicts the damage degree of shaft 

wall. Considering the influence of ore block size and ore-pass structural parameters on the total 

shaft wall damage volume, the shaft wall damage degree of ore-pass is controlled actively, which 

is in line with the actual situation of field engineering. 

5. Conclusions 

(1) On the basis of field engineering investigation, the shaft wall damage model of high depth 

inclined ore-pass is constructed by considering the ore-pass structural characteristics and the 

impact wear behavior of ore on shaft wall. The mathematical expression of the shaft wall damage 

volume is derived based on the contact mechanics theory, and the damage degree is predicted. 

The relationship between shaft wall damage volume Qtol and ore-pass depth H, ore-pass dip 

angle θ, inclined angle of chute α, shaft diameter D and ore block size P is quantitatively 

investigated. The rationality of the proposed model is verified by the numerical simulation and 

the engineering case. 

(2) With the increase of ore-pass depth H, the more collisions between ore and shaft wall and the 

greater shaft wall damage volume Qtol. This indicates that H has a great influence on Qtol. 

Furthermore, Qtol increases exponentially with P and increases gradually with D, which indicates 

that P and D significantly affect Qtol. With the increase of θ and α, Qtol generally increases first 

and then decreases, which indicates that θ and α obviously affect Qtol. 

(3) Based on the influence of ore block size and ore-pass structure parameters on the shaft wall 

damage volume, the damage degree can be reduced from the two aspects. On the one hand, the 

shaft wall damage volume can be directly reduced by using a raise-boring machine with a 

diameter less than 2 m to drill ore-pass, controlling the ore block size to less than 300 mm, or 

selecting an ore-pass dip angle less than 60° and an inclined angle of chute less than 50° or close 

to 90°. On the other hand, the number of ore and shaft wall collision can be reduced by 

employing the technology of drilling high depth straight ore-pass, controlling an ore-pass depth 

within 240 m, or selecting an ore-pass dip angle greater than 80°, thereby the shaft wall damage 

volume can be effectively reduced. 
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