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Abstract: The 3D numerical simulation model of deep hard-rock deposit in Kaiyang Phosphate Mine of Guiyang was established 
based on the practical engineering using 3DEC numerical simulation software. The distribution characteristics of displacement fields 
and plastic zones of the orebody were simulated in three different excavation cases, including the case of excavation artificial 
inducted roadway in the orebody, the case of horizontal or vertical excavation direction and the case of the upward or downward 
excavation order. The simulation results indicate that the plastic zone and displacement field of surrounding rock around the inducted 
roadway are continuously increasing with the increase of the exposure time after digging an artificial inducted roadway in the 
orebody. Thus the raw rock ore becomes easier to be fragmented, which provides advantageous conditions for roadheader to cut high 
stress hard-rock. It is worthy noting that there is a large difference in effective utilization of deep ground pressure between horizontal 
and vertical excavation directions. The later can produce larger deformation and fracture zone than the former on the rock mass 
around the deduced roadway, which means that the later may utilize the high ground pressure more effectively to break hard-rock. 
And the obtained results also show that upward excavation order is more helpful for ground pressure to break rock than downward 
excavation order. 
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1 Introduction 
 

In deep mining practice, the traditional drilling and 
blasting method predominantly used in hard-rock mining 
has been exposed its defects increasingly [1,2], including  
dangerous operation process, low production efficiency, 
low energy efficiency, and large derivative damages to 
nearby roadway. Meanwhile, the blasting is also an 
important factor in inducing rock burst [3−6]. Several 
mining industry developed countries have started some 
research projects [7−10] to study the non-blasting mining 
methods in hard-rock mines since the end of the 20 
century. Their main purpose is to find a new efficient 
method to break rock instead of using tradition blasting 
method. In recent decades, the mechanical rock breaking 
becomes the most typical non-blasting mining method, 
such as tunnel boring machine and roadheader, which 
was firstly used in soft rock mines, and its suitable 
compressive strength range is from 10 MPa to 70 MPa. 

But when it was used in hard-rock mines, its actual 
application effect was restricted greatly. In recent years, a 
few new tunnel boring machines have appeared in the 
world which can cut some hard-rocks with 100−300 MPa 
compressive strength, but they are generally used in 
drifting roadways or secondary rock breaking, not in 
large-scale mining, as they crack and break rock ore only 
by external power considering high stiffness and 
abradability of hard-rock. In addition, as to large-scale 
mining, the price and working cost of machines are also 
too expensive. 

Some scholars realize that high stress hard-rock is 
actually an energy storage body, inspired by the 
phenomena of blasting inducing rock burst and drilling 
and blasting easily in deep mining [11−14]. The gravity 
and tectonic stress make it store high elastic strain energy 
inside, where a tendency to break rock easily exists. 
Therefore, its internal stored energy could turn to useful 
power to break itself if an appropriate inducing 
fracturing method is formed, then high-efficiency  
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continuous mining may become a reality in no or little 
explosive condition, which is called non-blasting 
continuous mining in high stress hard-rock [15]. 

Kaiyang Phosphate Mine of Guiyang is the largest 
underground phosphate mine in China, and its mining 
depth reaches about 800 m underground, where the deep 
ground pressure is very high. There are two roadheaders 
(type: EBJ160TY and EBZ230, and the strength is less 
than 80 MPa) used in drifting roadway in soft rock 
originally. However, the average compressive strength is 
over 120 MPa, which greatly exceeds their application of 
the strength range. Some early cutting phosphate ore 
tests with roadheaders showed that they can hardly break 
such rock ore, and the cutting teeth are abraded rapidly 
and the working face is full of dust. This indicates that 
the cutting ability of these roadheaders cannot satisfy the 
requirement of directly mining and the only way for 
roadheader to cut deep hard-rock is to reasonably utilize 
deep ground pressure to break rock ore first. To find the 
most reasonable way of using ground pressure to break 
rock ore and realize non-blasting continuous mining in 
high stress hard-rock, the inducing fracturing engineering 
and some different mining cases are calculated using 
numerical simulation method based on the real 
geological and mechanical conditions of the deposit in 
Kaiyang Phosphate Mine. 
 
2 Calculation model and parameter selection 
 
2.1 Calculation model 

There are four kinds of ore-rocks in Kaiyang 
Phosphate Mine from top to bottom, including dolomite, 
phosphate, sandstone and red shale. The dip angle of 
deep phosphate deposit is nearly 35°，and its real 
thickness is 6−7 m, as shown in Fig. 1. 

The displacement fields and plastic zone 
distribution rules of several different mining cases were 
calculated using the 3DEC. The calculation region is 
selected as 200 m × 200 m × 200 m. Model boundary 
displacement is fixed all around and at the bottom, while 
on the top boundary stress is loaded. The model is 
located at 640 m level, and its stratum thickness is about 
700 m in z direction. The numerical simulation model of 
deep deposit is shown in Fig. 2. 

 

 
Fig. 1 Distribution characteristics of deep ore-rocks 
 

 

Fig. 2 Numerical simulation model of deep deposit 
 

In this simulation process, the rock mass was taken 
as elasto-plastic model of which yield criterion is 
Mohr-Coulomb strength theory, while for the bedding 
elastic model, coulomb sliding theory is the most 
appropriate yield criterion. 
 
2.2 Physico-mechanical parameters of ore-rocks 

The physico-mechanical parameters of four types of 
ore-rocks in Kaiyang Phosphate Mine were obtained 
from engineering geological survey reports and 
laboratory rock mechanics tests, as listed in Table 1. 

In the discrete element method calculation program, 
the relationships among the shear modulus (G), volume 
modulus (K), Poisson ratio (ν) and elastic modulus (E) 
were described as follows:  
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For joints, normal stiffness and shear stiffness are 
calculated by the following formula: 

 
Table 1 Physico-mechanical parameters of ore-rocks 

Ore rock Elastic modulus/ 
GPa Poisson ratio Friction angle/(°) Density/ 

(kN·m−3) 
Cohesion/ 

MPa 
Tensile strength/

MPa 

Dolomite 7.5 0.32 35 26.6 7.8 3.0 

Phosphate 25.0 0.22 42 27.6 20.0 5.0 

Sandstone 20.0 0.20 45 25.2 15.0 4.5 

Red shale 8.9 0.32 45 27.5 8.0 2.67  
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where kn and ks are respectively normal stiffness and 
shear stiffness; Em and Er are respectively elastic 
modulus of the continuum and rock; Gm and Gr are 
respectively shear modulus of the continuum and rock; s 
is the mean spacing of joints. Considering that joint 
strength would be weakened by joints filling, normal 
stiffness and shear stiffness are gained when joints are 
filled or closed. The mechanical parameters of joints are 
listed in Table 2. 
 
Table 2 Mechanical parameters of joints 

Joint kn/ 
(GPa·m−1) 

ks/ 
(GPa·m−1) 

Cohesion 
c/MPa 

Friction 
angle 
φ/(°) 

Tensile 
strength 
σt/MPa

Filled 
joint 4.92 1.09 0 13 0 

Closed 
joint 7.9 1.36 0.5 43.7 1 

 
2.3 In-situ stress boundary condition 

According to ground stress survey report in Kaiyang 
Phosphate Mine, the in-situ stress was measured in the 
whole mine area. Based on the results, laws of in-situ 
stress and buried depth can be gained by using linear 
regression method, and their regression equations are 
expressed as follows: 
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where σh
max, σh

min and σz are respectively the maximum 
principal stress, the minimum horizontal stress and 
vertical principal stress, and H is buried depth. 

With these practical ground stress boundary 
conditions and rock mechanics parameters, the 
calculation model can be established. 
 
3 Numerical simulation and result analysis 
 
3.1 Simulation analysis on excavation inducted 

roadway in orebody 
Because the roadheader was incapable of cutting the 

primary orebody directly and efficiently, a slightly 
inclined roadway was excavated in the orebody using 
drilling and blasting method firstly. This roadway not 
only can provide operational room for roadheader, but 
also can make the orebody near the free face crack and 

thus be cut easily due to the high stress concentration 
coming from deep ground pressure. Considering such 
factors as flexibility and climbing ability of cantilevered 
roadheader, the gradient of the inclined roadway is 10° 
and its sizes are 6 m×3 m×100 m. 

Using the established model, according to 
calculation and analysis of the stress, the displacement 
and plastic zone in the orebody after excavation, the 
variation of the plastic zone and the displacement around 
the roadway with the exposure time were obtained, 
where the step size represented the exposure time after 
excavation. 

As can be seen from Fig. 3, the deep inducing 
fracturing roadway has a wide displacement distribution 
during excavation. It is noticeable that the more away 
from the center of the roadway, the smaller the 
displacement of the surrounding rock. At the moment of 
excavation, the displacement mainly appeared in the left 
side of the roadway. The distribution of the upper left 
corner is wide while the right corner is small. With the 
extension of exposure time after excavation, the 
displacement of surrounding rock will adjust with the 
stress adjustment. The location of the maximum 
displacement moves from the left side to the roof 
constantly, and the distribution gradually becomes 
smaller. When reaching to the 900th step, the 
displacement around the roadway is basically stable. The 
maximum displacement mainly concentrates in the roof 
of the roadway. The failure appears at the joint area of 
the dolomite and phosphate rock. 
 

 
Fig. 3 Displacement field of inducted fracturing roadway vs 
exposure time 
 

While excavation started, the surrounding rock was 
in the shearing state and the plastic zone increased along 
with the step, spreading perpendicularly to the roadway. 
Conversely, the plastic zones in the two sides were 
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relatively small, basically unchanged. When the steps 
reached 900, the destruction area maintained generally 
stable. The plastic flow destruction occurred as local 
rocks were subject to the joint effects of tension and 
shear stress (see Fig. 4). In Fig.4, shear(p) represents a 
zone of the surrounding rock was in a plastic state 
previously because of shere; shear(n) represents a zone 
of the surrounding rock is in a plastic state now because 
of shere; tension(p) represents a zone of the surrounding 
rock was in a plastic state previously because of tension; 
tension(n) represents a zone of the surrounding rock is in 
a plastic state previously now because of tension.To sum 
up, the high stress orebody in the two sides of the 
roadway collapsed with the increase of exposure time as 
a result of the excavation of a gently inclined roadway, 
which was conducive to cutting the ores easily. However, 
this would severely undermine the roof and the floor, 
which implied that immediate support should be taken. 
 

 
Fig. 4 Plastic zone of inducted fracturing roadway vs exposure 
time: (a) Step 100; (b) Step 500; (c) Step 900; (d) Step 1500 
 
3.2 Simulation analysis in different excavation 

directions 
Based on the structure and construction 

characteristics of the roadheader, it should take forward 
drifting method. Seen from section of orebody, there are 
horizontal and vertical directions for extraction way to be 
chosen, as shown in Fig. 5. 

The numerical model loaded with practical ground 
stress on the boundary was calculated and analyzed to 
compare the effects of breaking ore-rock in two 
extraction directions. Figure 6 shows displacement field 
of surrounding ore-rock near free face in different 
excavation directions. It is noticed that the distribution 
characteristic of displacement field is totally different in 
different excavation directions even if the size of section 
is the same. When excavated vertically, the deformations 
on two sides of roadway are very obvious, especially on 
the middle part of the left side. But when excavated 
horizontally, the deformation is concentrated on the roof, 
mainly at the top left corner and the influence area is 

smaller than another case. This indicates that when 
selecting mining methods, vertical excavation should be 
better than horizontal excavation by using ground 
pressure effectively. 
 

 
Fig. 5 Sketch in different extraction directions: (a) Vertical 
excavation; (b) Horizontal excavation 
 

 
Fig. 6 Displacement field in two excavation directions 
 

Figure 7 shows the plastic zone distribution of 
surrounding ore-rock near free face in different 
excavation directions. When excavated in different 
directions, the plastic zone is eventually different. When 
excavated vertically, the plastic zone is larger obviously 
than that in horizontal excavation and its surrounding 
ore-rock at two sides of roadway moves to free face 
potentially, which is significant to break ore-rock by 
using high ground pressure in Kaiyang Phosphate Mine. 
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Fig. 7 Plastic zone distribution in two excavation directions: (a) 
Vertical excavation; (b) Horizontal excavation 
 
3.3 Simulation analysis of different excavation orders 

The above results of numerical simulation show that 
high ground stress will be sufficiently used when taking 
vertical excavation direction. Therefore, this method 
should be adopted in the next mining process. Restricted 
by roadheader’s effective excavation section, the whole 
section of vertical roadway cannot be excavated at only 
one time and has to do it by two steps. Thus, it exists a 
problem of excavation order. In order to study the effects 
of different excavation orders in the direction of vertical 
excavation on using deep ground pressure reasonably, 
two cases are set in the same excavation direction and 
different excavation orders which divide into first-up-  

then-down and first-down-then-up, as shown in Fig. 8. 
Section sizes of roadways ① and ② are both 4 m×4 m. 

The distribution characteristics of displacement and 
plastic zone in surrounding rock ore of roadway 
excavated in two orders by numerical simulation results 
are shown in Figs. 9 and 10. 

From Fig. 9, two kinds of excavation orders were 
analyzed. In the case I, the displacement distribution 
range is larger after excavating roadway ① firstly but 
those values are smaller and in the scope of 5−7 mm. In 
the case II, displacement concentration occurs in lower 
right corner of roadway after excavating roadway ② 
firstly and those values are in the scope of 7−12 mm. 
Displacement on the left side of roadway is almost the 
same, but displacement on the right side in the case I is 
concentrated at the lower position while in the case II is 
at the upper position where values are one order of 
 

 
Fig. 8 Sketch of vertical extraction in different excavation 
orders: (a) Case I, first ① then ②; (b) Case II, first ② then ①

 

 
Fig. 9 Displacement of roadway in different excavation orders: (a),(a′) Case I; (b),(b′) Case II 
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Fig. 10 Plastic zone of roadway in different excavation orders: 
(a),(a′) Case I; (b),(b′) Case II 
 
magnitude bigger than those in the case I. In summary, 
the case II is beneficial to use ground pressure to extract 
ore. 

Figure 10 also shows that surrounding rock ores in 
cases I and II are both under shear force in Step 1, which 
causes failure partly but cracks do not run through. When 
in Step 2, surrounding rock ore in the case I is still 
damaged by shear force, but in the case II it is damaged 
by shear and tensile forces. However, the rock mass 
tends to fracture under tensile force. In conclusion, 
upward excavation order in the case II is better. 
 
4 Conclusions 
 

1) Excavating a slightly inclined inducted roadway 
in the orebody before using roadheader cutting raw ore 
directly is a useful way to make use of deep ground 
pressure to fracture hard-rock. The results of numerical 
simulation show that deformation and damage zone of 
the inclined inducted roadway will both extend with the 
increase of exposure time, which will make the hard-rock 
ore easy to be cut. 

2) The obtained results from numerical simulations 
show that there are great differences in different 
excavation directions and excavation orders on 
sufficiently using deep ground pressure to break rock ore. 
The vertical excavation direction and upward excavation 
order can get better effects than horizontal excavation 
direction and downward excavation order. 

3) The results from the presented investigation may 
be benefit to the design of non-explosive continuous 
mining method, efficiently using ground pressure 
breaking rock, and reasonable excavation cases in high 
stress conditions in deep mines. 
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摘  要：采用离散元数值模拟分析软件 3Dec，依据贵阳开阳磷矿深部硬岩矿床的工程实际情况建立三维数值模拟

模型，对开阳磷矿深部硬岩矿床的 3 种不同开挖工况进行模拟计算，包括在矿体中开挖地压诱导致裂巷道及不同

方向(水平向和竖向)、不同顺序(先上后下/先下后上)开挖后的巷道围岩体的位移和塑性区分布情况。结果表明：

在矿体中开挖诱导致裂巷道时，巷道周边岩体塑性区和位移场随着暴露时间的延长而不断增大，矿岩朝着有利于

破碎的趋势发展，即为掘进机的高效切割回采提供了有利条件；不同开挖方向对充分利用深部地压效果不同，竖

向开挖比水平横向开挖可形成更大的位移场和塑性破坏区，地压致裂的效果更明显；先下后上式开挖比先上后下

式开挖产生的临空面附近矿岩产生更大的变形量和破坏区，更能有效地利用深部地应力破岩。该研究对开阳磷矿

深部高应力硬岩矿体非爆掘进机连续开采的采矿方法设计、充分利用地压破岩和合理确定开挖方式具有重要的意

义。 

关键词：地压诱导致裂；高应力硬岩矿床；开挖工况；掘进机回采；数值模拟 
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