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This paper focuses on improving the blasting effect of the drilling and blasting method in the deep rock mass and solves the
problems of blasthole collapse and misfire accident in the process of drilling and blasting construction of heading face. FEM
software, ABAQUS, is used to simulate the stress distribution around the blasthole by extending a certain depth in the vertical
direction of the shaft heading face. The sensitivity of different depths, different heading face sizes, and different lithologies on the
horizontal stress distribution is analyzed by using a six-factor four-level orthogonal analysis method. The results show that the
change of the radius of the heading face has the most considerable influence on the distance of the distressed zone and the stress
concentration zone, followed by the lithology and the excavation depth. Also, the excavation depth has the most significant
influence on the peak stress value. Through the industrial field experiment, the in situ stress of the shaft heading face is tested, and
the numerical simulation results are consistent with the field monitoring results. The results reveal the law of stress distribution
near the heading face, which can provide some reference for the design of blasthole depth in the drilling and blasting

construction scheme.

1. Introduction

With the decrement of shallow mineral resources, the de-
velopment of deep mineral resources cannot be delayed. The
excavation of deep shafts has always been a difficult problem
to be solved in the event of mineral resources [1]. Currently,
the drilling and blasting method is still one of the main
techniques of underground engineering excavation in the
world. Compared with the use of tunnel boring machines,
rock breakers, and other excavation machinery, the drilling
and blasting method has low initial investment, low blasting
energy consumption, relatively mature technology, and
other advantages [2].

Experts and scholars have studied a lot of research on the
stress distribution of underground engineering excavation.
Jiang et al. [3] based on the established joint strength that can
comprehensively consider the tensile and shear character-
istics of loess rationally evaluated the stress and displace-
ment calculation of the loess tunnel and obtained the
displacement expression of the tube. Luo et al. [4] based on

the study of the stress distribution characteristics of the
surrounding rock concluded that under the action of high
ground stress, the plastic zone of the roadway gradually
expands from the periphery to the depth. The pressure of the
surrounding rock gradually increases in the plastic area in
the deep direction. Qi et al. [5] made some assumptions on
the coal in front of the heading face, then analyzed the stress
distribution of the coal in front of the heading face from the
mechanical point of view, and obtained the formula for
calculating the length of the distressed zone to prevent an
outburst. Fu et al. [6] pointed out that the plastic zone of the
roadway is the main reason for affecting the support of the
roadway. The influence law and statistical formula of
boundary parameters of the plastic zone at the top and side
of the arched roadway are obtained by numerical simulation
and the orthogonal test. Yin et al. [7] based on field ex-
periments at the fully mechanized coal mining face studied
the relationship between the number of drill cuttings, mine
pressure, and gas pressure. It shows that the mine pressure
distribution law of the heading face after the pressure relief
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will form several areas owing to stress redistribution. The
width of the pressure relief area is 5-11 m for the plastic area,
11-20m for the elastic area, and the initial stress area after
20m. Meng et al. [8] selected a total of 6 different cross-
sectional roadways including rectangle, trapezoid, straight
wall arch, horseshoe, ellipse, and circle for optimization
research. Based on FLAC3D simulation, the deformation
characteristics and plastic zone distribution of surrounding
rock of these six typical roadways after excavation were
studied, and the effects of different lateral pressure ratios on
them were analyzed. Cardu and Seccatore [9] gave the
general relation curve between the tunnel cross section and
explosive consumption by analyzing the database of tunnel
blasting scheme. Liu et al. [10] used a numerical simulation
method to carry out an orthogonal experimental study of the
roadway side deep-hole blasting. In addition, many scholars
have studied the stability of surrounding rocks in under-
ground engineering through numerical simulation and
orthogonal analysis [11-15].

There have been some new breakthroughs in studying
the stability of underground projects in recent years. Xu et al.
[16] based on the complex function analyzed the stress
distribution law of surrounding rock and the effects of defect
location and defect protrusion degree on the stress distri-
bution of the orifice. Wang et al. [17] used the large-scale
geomechanical model test system to study the law of stress
evolution of the surrounding rock during roadway driving
and mining. Shu et al. [18] used FLAC3D to analyze the
disturbance stress and the distribution characteristics of the
failure zone of the heading face in the coal roadway. They
established the coal roadway heading face of the risk eval-
uation model. In the process of tunnel excavation, there are
apparent mining stress field zoning and permeability field
zoning in front of the coal tunnel heading face. The direction
of the maximum principal stress controls the development
characteristics of the distressed zone and plastic deformation
zone. The risk of protrusion of the driving surface increases
when the three-dimensional stress is inhomogeneous. Wang
et al. [19] believed that roadway excavation would cause
rocks near the tunnelling face to flow into the tunnel, which
will cause the stress state near the tunnelling face to be
perpendicular to the axis of the tunnel which was not a plane
strain, but a three-dimensional state. The influence of the
internal friction angle on the zonal cracking of the sur-
rounding rock in the gradually excavated arched roadway
was studied. Jendrys$ [20] conducted a numerical simulation
study on the surface defects of the shaft wall and analyzed the
influence of the width and depth of the defects on the
generation of tensile stress in the lining and the change in
strength coefficient. Corkum et al. [21] used FLAC3D
software to predict the horizontal ground stress on the shaft.
Amirata et al. [22] considered the coupling between axial
and lateral resistance when modelling large diameter
borehole shafts. It is found that the maximum values of shaft
bending moment and deflection can be reduced by 12% and
19%, respectively, after coupling analysis.

However, there are few relevant works of literature about
the distribution of the stress field in the front heading face of
shaft excavation. Because the shaft heading face of drilling
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blasthole mostly depends on the drilling cutting weight or
ground stress test, there is no scientific understanding about
the length of blasthole, and the blasting effect will be better.
However, it takes time and energy to drill on-site every time,
and some areas with complicated geological conditions are
not easy to drill. In the construction process of the drilling
and blasting method, blasthole collapses and misfire acci-
dents occur from time to time. All these factors are closely
related to the stress distribution around the blasthole.
Therefore, the problem prompted researchers to think about
solutions and carry out similar parameter tests and me-
chanical analysis.

2. Numerical Calculation Model
and Parameters

2.1. Theoretical Model. According to the theory of elasto-
plasticity mechanics, the excavated shaft heading face re-
leases the potential energy of the compression deformation
of part of the initial rock through the displacement of the
rock mass. With the change of the surrounding rock stress
distribution and large deformation, the axial stress drop at
the heading face of the shaft is 0. Also, with the increase of
the research distance, the vertical stress and horizontal stress
tend to the initial rock stress.

After several numerical simulation experiments, the
stress path of 20 meters downward extension of the simu-
lated model is analyzed. Figure 1 shows the horizontal stress
distribution and horizontal stress simulation results. The
vertical stress o, and horizontal stress oy reach the maxi-
mum stable value at a distance of L from the heading face to
the second crossing. Through the numerical simulation
results, the vertical stress around the blasthole has been
rising and finally tends to the initial rock stress. Because
there is no peak stress, and the law is evident, there is not
much research here. However, the horizontal stress simu-
lation results show that there are two points of intersection
between the horizontal stress and the initial rock stress,
which are regarded as the “threshold” of whether the rock
mass around the blasthole enters the stress concentration
zone or not. Among them, the distressed zone is from the
heading face to the first point of intersection, the stress
concentration zone is from the first point of intersection to
the second point of intersection, and the initial rock stress
area is after the second point of intersection. Further, the
value range of these two “thresholds” and the magnitude of
peak stress need to be also explored by the orthogonal test.

The vertical stress distribution and vertical stress sim-
ulation results are plotted in Figure 2. The results show that
the vertical stress o, does not converge with the initial rock
stress in the stress path extending 20 meters downward.
There is no stress concentration in the vertical stress, and the
development trend is that in the process of extending ver-
tically from the heading face to the underground rock, the
pressure increases gradually and finally tends to the initial
rock stress. On the other hand, the horizontal stress will
climb from the distressed zone at the beginning and then
continue to rise to the peak value after the intersection with
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Ficure 1: Horizontal stress distribution and horizontal stress simulation results.

Stress (MPa)

Blasthole

r

—— Initial rock stress
—— Horizontal stress along
vertical depth of blasthole oy,

5 10 15 20
Cumulative depth (m)

—o— Numerical simulation results
—o— [Initial rock stress

FiGURE 2: Vertical stress distribution and vertical stress simulation results.

the initial rock stress and then gradually decrease to the
initial rock stress.

For shaft drilling and blasting construction, the in situ
stress around the blasthole will increase as the vertical shaft
depth increases. During the excavation process, the weight
around the working face is redistributed. When the stress
distribution on the heading face extends deeper, it can be
divided into a distressed zone, stress concentration zone, and
initial rock stress area. Peak stress is located in the stress
concentration zone, which can be expressed by o,. When the
depth of the blasthole is in the distressed zone, the surrounding
rock clips used during blasting are relatively small, and this is

the case for shallow hole blasting. When the depth of the
blasthole is located in the stress concentration zone, the in situ
stress of the blasthole is relatively large, that is, the confining
pressure constraint is relatively more significant, and this is the
case for deep-hole blasting. When the blasthole is located in the
distressed zone, the stress concentration zone, and the initial
rock stress area, the blasting effect will be different under the
same construction scheme. Therefore, when drilling is in the
distressed zone, the stress concentration zone, and the initial
rock stress area, it is necessary to adjust the blasthole depth,
charge structure, charge quantity, and other essential blasting
parameters to achieve a better blasting effect. This paper



intends to simulate the stress redistribution of the shaft heading
face in different lithologies, different section sizes, and different
depths by using ABAQUS software and orthogonal analysis.
The relationship between stress distribution range and depth,
lithology, and excavation section is revealed, which guides
blasting design and construction of the shaft and roadway.

2.2. Numerical Model. Because the shaft is axisymmetric, to
reduce the amount of calculation, the model is built into a
cube of 1/4. Therefore, the numerical model is a cube with
25m * 25m * 40 m. The Mohr-Coulomb constitutive model
is used in this model. The boundary conditions of the model
are set to constrain the normal displacements of the bottom
and the surrounding areas. Also, the pressure is applied at
the top. H is the buried depth of the shaft (m) and g is the
gravitational constant. The analysis step is set to balance the
ground stress first and then realize the excavation by
“killing” some model elements. The rock mass mechanical
parameters are isotropic. This numerical simulation scheme
is carried out under the condition of no support to avoid the
influence on the change of the surrounding rock due to the
difference of the support method. The geometric appearance
of the numerical model is plotted in Figure 3.

3. Orthogonal Scheme Design and Numerical
Simulation Results

3.1. Orthogonal Numerical Simulation Test. The influence of
various factors on horizontal stress of the heading face is
studied by the orthogonal analysis method. The factors that
affect the stress evolution of heading face include lithology,
depth, and excavation size. Therefore, this experiment in-
tends to adopt the L,s (6%) six-factor four-level experimental
design. The design and results of the orthogonal test are
shown in Table 1, where ¢ is the internal friction angle, c is
cohesion, y is Poisson’s ratio, E is elastic modulus, / is
excavation depth, r is excavation radius, L, is the distance of
distressed zone, L, is the distance of stress concentration
zone, and o, is the peak stress.

3.2. Range Analysis. As the method of studying the influence
degree of skillful factors, range analysis has the advantages of
intuitionistic results and less calculation. The first step of range
calculation is to list the test calculation table and calculate the
difference between the maximum mean value and the mini-
mum mean value of each influencing factor [23]. Firstly, we
should list test tables and calculate the difference between the
maximum average and minimum average of each influencing
factor. Secondly, we need to estimate the sensitivity of each
element by comparing the difference.

The R value is plotted in Figure 4. From the R value of
range in Figure 4, we can see that all factors influence
distressed zone distance, stress concentration zone distance,
and peak stress, but the degree of influence is different.
According to the influence degree of each factor on the
distressed zone, the order is as follows: r>u>c>E>¢>h.
According to the effect degree of each factor on the stress
concentration zone distance, the order is as follows:
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r>u>h>E>c>¢@. According to the sensitivity of each
factor on the peak stress, the order is as follows:
h>u>r>E>c>¢. The main factors affecting distressed
zone distance and stress concentration zone distances are r
and p. The main factors affecting peak stress are h and p. To
study the influence degree of each factor more intuitively,
the orthogonal results are analyzed by variance analysis.

3.3. Analysis of Variance. The range analysis of the above
data has been carried out, and the order of the influence
degree of the leading mechanical parameters on the sur-
rounding rock deformation has been preliminarily analyzed.
However, range analysis cannot give an accurate quantitative
estimate of the significance of the factors. Therefore, with the
help of variance analysis, the stress distribution on the
heading surface of the shaft is further quantitatively ana-
lyzed. The variance analysis is mainly through the signifi-
cance test to judge the significance level of each factor.

The results of the variance analysis for the distance of the
distressed zone are shown in Table 2. The F value is the test
statistic, which is proportional to the degree of influence. The
P value is defined as significant, which is inversely propor-
tional to the degree of importance. The F value of the whole
model is 265.132, and the P value is 0.0001. According to the F
value and P of 1, ¢, ¢, h, and E, it is shown that r has a
significant influence on the distressed zone. The F value of y is
relatively less; P value is less than 0.05, which means that this
factor has little effect on the distressed zone. The F value of ¢,
¢ h, and E is very small. Compared with r and y, the P value is
far higher than 0.05, which signified that the ¢, ¢, h, and E
have little influence on the damaged area. Hence, the main
factors affecting the distressed zone are r and Poisson’s ratio,
followed by other factors.

The results of variance analysis for the distance of the
stress concentration zone are shown in Table 3. The value of F
is a test statistic, which is proportional to the degree of in-
fluence. The P value is significant, which is inversely pro-
portional to the degree of importance. The F value of the
whole model is 7.010, and the P value is 0.012. According to
the F value and P value of different factors, which shows that
the r has a significant influence on the distressed zone. The F
value of y is relatively less, and the P value is less than 0.05,
which means that this factor has little effect on the distressed
zone. The F value of ¢, ¢, h, and E is minimal. Compared with
rand y, the P value is far higher than 0.05, which signified that
the ¢, ¢, h, and E have little influence on the damaged area.
Hence, the main factors affecting the stress concentration
zone are r and Poisson’s ratio, followed by other factors.

The results of variance analysis for the distance of peak
stress are shown in Table 4. The F value is a test statistic,
which is proportional to the degree of influence. The value of
P is significant, which is inversely proportional to the degree
of importance. The F value of the whole model is 216.455,
and the P value is 0.0001. According to the F value and P of ,
@, ¢, h and E, it is shown that / has a significant influence on
the distressed zone. The F value of ¢ and r is relatively less,
and the P value is less than 0.05, which means that these
factors have little effect on the peak stress. The F value of ¢, c,
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FIGURE 3: Model geometry diagram.
TaBLE 1: Design and results of the orthogonal test.
No. ¢ () C (MPa) U E (GPa) h (m) R (m) L, (m) L, (m) o, (MPa)
1 29 7 0.20 11 900 3.0 18.45 1.95 7.164
2 38 5 0.26 11 1100 6.0 12.65 4.25 10.748
3 32 8 0.24 11 500 3.0 15.23 1.97 4.834
4 29 5 0.20 13 500 4.5 16.87 2.93 3.857
5 35 5 0.20 11 700 4.5 17.89 2.94 5.359
6 35 8 0.26 13 500 3.0 15.42 1.98 5.283
7 35 5 0.24 10 900 7.5 12.62 5.48 7.884
8 35 6 0.20 12 1100 3.0 18.44 1.95 8.734
9 29 5 0.24 10 1100 3.0 18.11 1.96 10.497
10 29 8 0.20 12 900 6.0 16.99 3.94 6.693
11 29 5 0.20 10 500 3.0 18.45 1.96 4.022
12 38 8 0.20 10 700 7.5 14.38 512 5.123
13 29 8 0.22 10 1100 4.5 16.54 2.96 9.199
14 38 6 0.20 10 500 3.0 18.45 1.96 4.022
15 35 7 0.22 10 500 6.0 15.38 4.02 4.141
16 29 6 0.22 11 500 7.5 13.8 53 4.058
17 32 6 0.26 10 900 4.5 14.27 3.03 9.056
18 29 6 0.24 13 700 6.0 14.58 4.12 6.303
19 32 7 0.20 13 1100 7.5 15.64 5.11 7.982
20 32 5 0.22 12 700 3.0 17.14 1.96 6.139
21 29 5 0.26 12 500 7.5 10.82 5.68 4.858
22 29 7 0.26 10 700 3.0 15.51 1.99 7.342
23 38 7 0.24 12 500 4.5 16.12 2.98 4.655
24 38 5 0.22 13 900 3.0 17.14 1.96 7.863
25 32 5 0.20 10 500 6.0 16.99 3.94 3.767

and E is minimal. Compared with r and g, the P value is far
higher than 0.05, which signified that the ¢, ¢, h, and E have
little influence on the peak stress. Hence, the main factors
affecting the peak stress are h and Poisson’s ratio, followed
by other factors.

3.4. Analysis of Change of Single Variable. To analyze the
effect of different factors on the distressed zone, stress
concentration zone, and stress peak value more intuitively,

the change of the single factor is simulated. The E of the
numerical model is 10 GPa, p is 0.22, ¢ is 10 MPa, ¢ is 32°,
and density is 2500 kg/m’.

It can be seen from Figure 5 that when y and r of the
surrounding rock change, distressed zone distance increases
with the rise of these two factors. However, when y, h, and r
of the surrounding rock change, stress concentration zone
distance decreases with the increase of these three factors.
When g, h, and r of the surrounding rock change, peak stress
increases with the increase of 4 and h and decreases with the
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FIGURE 4: Variation curves of peak stress, distressed zone, and stress concentration zone by the change of any factor.
TaBLE 2: Variance analysis for the distressed zone.
Factor Variance square sum Freedom Mean square F P
Correction model 42.228 18 2.346 265.132 0.0001
E 0.022 3 0.007 0.841 0.519
[ 0.021 3 0.007 0.808 0.534
C 0.056 3 0.019 2.110 0.200
M 0.154 3 0.051 5.804 0.033
H 0.009 3 0.003 0.331 0.804
R 41.965 3 13.988 1580.898 0.001
Error 0.053 6 0.009 — —
Total 307.580 25 — — —
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TaBLE 3: Variance analysis for the stress concentration zone.
Factor Variance square sum Freedom Mean square F p
Correction model 96.476 18 5.360 7.010 0.012
E 0.726 3 0.242 0.316 0.814
O] 0.258 3 0.086 0.113 0.950
C 0.694 3 0.231 0.302 0.823
M 43.475 3 14.492 18.953 0.002
H 0.917 3 0.306 0.400 0.758
R 50.406 3 16.802 21.974 0.001
Error 4.588 6 0.765 — —
Total 6433.404 25 — — —
TaBLE 4: Variance analysis for peak stress.

Factor Variance square sum Freedom Mean square F p
Correction model 111463350.250a 18 6192408.347 216.455 0.0001
E 380332.682 3 126777.561 4.432 0.058
@ 108730.831 3 36243.610 1.267 0.367
C 350889.768 3 116963.256 4.088 0.067
M 11896432.351 3 3965477.450 138.613 0.0001
H 97466627.370 3 32488875.790 1135.647 0.0001
R 1260337.247 3 420112.416 14.685 0.004
Error 171649.553 6 28608.259 — —
Total 1130293376.082 25 — — —

rise of r. The shift in h does not affect distressed zone
distance. The E, ¢, and ¢ are stable and do not affect dis-
tressed zone distance, stress concentration zone distance,
and peak stress. It can be seen that ¢, ¢, and E have little effect
on the horizontal stress of distressed zone distance, stress
concentration zone distance, and peak stress, which is
consistent with the results of the orthogonal test.

4. Influence of the Other Factors

In addition to lithology, excavation depth, excavation radius,
the water content of rock mass, joints of rock mass, and
lateral pressure ratio of surrounding rock are the factors
influencing the stress field of the heading face. Among these
factors, the lateral pressure ratio is an essential factor that
cannot be ignored, so it is studied separately. When the rock
mass gradually enters the high stress state due to the increase
of mining depth, the value of horizontal stress is often
greater than the value of vertical stress. The influence of
horizontal in situ stress on the deformation and failure of
surrounding rock near the heading face is more prominent.
Due to the increase of horizontal stress, the difficulty in
drilling and the charge quantity increase. The lateral pressure
ratio reflects the value of horizontal stress. Therefore,
through the study of lateral pressure ratio, the influence of
horizontal stress on the stress field of the heading face is
studied indirectly, which can provide more accurate guid-
ance for drilling and blasting construction.

The buried depth of the shaft is 500 m, and the lateral
pressure ratio is defined as A and it is set every 0.4 from 0.6 to
1.8, a total of four groups. The E of the numerical model is
10 GPa, p is 0.22, ¢ is 32°, ¢ is 10 MPa, and density is 2500 kg/
m’. In the same way as the above analysis, the changes of the

distressed zone, stress concentration zone, and peak stress
are studied. As displayed in Figure 6, when the A increases
from 0.6 to 1.8, the distance of the distressed zone decreases
from 3.26 m to 1.24m, a decrease of 2.63 times, and peak
stress increases from 8.51 MPa to 25.51 MPa, an increase of
2.99 times. As A increases, the distressed zone distance drops
and the peak stress gradually rise. The lateral pressure co-
efficient has a significant effect on the peak stress and stress
concentration zone distance. The distance of the stress
concentration zone fluctuates when the A goes up. With the
increase of the lateral pressure coefficient, the distance of the
stress concentration zone decreases first and then increases.

5. Engineering Case

Wanfu Coal Mine is located in the southern end of the Juye
coalfield. It is a sizeable modern mine constructed by Yanmei
Heze Energy Chemical Co., Ltd. in the Juye mining area in
Southwest Shandong Province. The buried depth of the coal
seam is about 1100 m, and the mining area is located in the
Yellow River alluvial plain, with flat terrain, slightly higher in
the West and lower in the East. The thickness of mine al-
luvium is more than 800 meters, which is the largest mine
with the largest alluvium thickness among the existing and
under construction mines in China. Vertical shaft develop-
ment is adopted, and the main shaft, auxiliary shaft, and air
shaft are arranged in the industrial square. The shaft diameter
of the auxiliary shaft is 7.0 m, the depth is 894.368 m, and the
surface soil thickness is 751.8 m. There are siltstone, medium
sandstone, mudstone, and fine sandstone passing through the
main roadway in Wanfu Coal Mine, and the rock strength is
generally small. The test results show that the uniaxial
compressive strength of limestone is the largest, about
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FIGURE 5: Variation curves of peak stress, distressed zone, and stress concentration zone by the change of single factor.

58.2 MPa and that of mudstone is the smallest, about 35 MPa.
The results of the previous in situ stress test show that the
maximum horizontal stress of —820 shaft bottom yard is
58 MPa, and the minimum value is more than 30 MPa. The
location of the junction of the shaft bottom vyard is
—857.8~—868.4 m, which is mainly composed of siltstone, fine
sandstone, and medium sandstone.

The hydraulic fracturing method is widely used in in situ
stress measurement because of its mature and straightfor-
ward technology. According to the hydraulic fracturing
theory, the two principal stresses oy3 and oy, in the horizontal
direction can be calculated by the two-dimensional hy-
draulic fracturing method from the measured parameters. In
contrast, the vertical stress o, can be calculated by the weight
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FIGURE 6: Variation curve of L;, L,, and o, with lateral pressure coefficient.

of the overlying rock mass. The in situ stress can be cal-
culated by the following equations:

oy =3P, - P, - P,, (1)
Gh = PS’ (2)
oy = yh. (3)

In equations (1) and (2) where the symbols designate the
parameters that are P, is the shut-in pressure, P, is the
fracture reopening pressure, and P, is the pore water
pressure. In equation (3), y is the volume-weight and / is the
buried depth of measuring points.

Through the field monitoring of auxiliary shaft heading
face and comparing the monitoring data of numerical
simulation results, the reliability of numerical simulation
and orthogonal test results is verified. The hydraulic frac-
turing method is used to test a set of data for each meter of

the auxiliary shaft, and a total of 20 groups are examined.
Three measuring points are selected on the heading surface
of the auxiliary shaft starting from —865 meters. The A is
taken as 2 to simulate the Wanfu auxiliary shaft. In practical
problems, the maximum horizontal and vertical in situ
stresses have an enormous influence on the blasthole. So
only the maximum horizontal stress and vertical stress are
compared. The stress program and field measured results are
compared with the numerical simulation results, as shown in
Figure 7. The difference between the measured data of the
three groups of maximum horizontal stress may be due to
the difference in tectonic stress. The horizontal stress value
o, of the numerical simulation and the data comparison of
the three measuring points show that the overall trend is the
same, which is first rising and then decreasing. The differ-
ence between the three groups of vertical stress measured
data and numerical simulation data is less than 10%, which is
within the error range. The range of the distressed zone and
pressure concentration zone decreases with the increase of
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FIGURE 7: Stress nephogram and the in situ tress curve.

maximum horizontal stress. This result is consistent with the
previous orthogonal analysis result.

6. Conclusions

This article takes the shaft heading face as the engineering
background. It combines the methods of theoretical analysis,
field monitoring, numerical simulation, and orthogonal
analysis to get the stress distribution of the shaft heading
face. The central summary is as follows:

(1) The main factors affecting the distressed zone and
stress concentration zone are excavation radius and
Poisson ratio. The most crucial factor affecting peak
stress is excavation depth, followed by the Poisson
ratio and excavation radius. However, the other ele-
ments, e.g., the internal friction angle, cohesion, and
elastic modulus, have little influence on peak stress.

(2) With the increment of the lateral pressure ratio, the
distressed zone gradually decreases, peak stress in-
creases slowly, and the stress concentration zone first
decreases and then increases. The stress concentration
zone is the minimum when the lateral pressure ratio is 1.

(3) By comparing the in situ stress monitoring data and

numerical simulation data of the Wanfu auxiliary shaft,
the horizontal stress value oy and the vertical stress
value o, have the same overall trend as the data of the
three measuring points. The horizontal stress value o
initially rises and then decreases. The distance of the
stress concentration zone is inversely proportional to
the horizontal stress. The vertical stress value ¢, has
been rising since the heading face and finally tends to
the initial rock stress, and the influence of the hori-
zontal stress value on the vertical stress is not apparent.
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