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With the eﬀects of high geostress and intensive dynamic disturbances in deep mining, the stability and safety of tunnels are
seriously aﬀected. The optimization for U-shaped steel support is of vital signiﬁcance and can solve the problems of cost
reduction and tunnel instability. Based on the perturbation equation, a coupled formula for U-shaped steel and the surrounding rock mass was proposed to evaluate the practical stability of a U-shaped steel support. Through a numerical
simulation method, the characteristics of U-shaped steel support can be obtained under coupled static-dynamic loading.
Furthermore, the ﬁeld test was carried out and compared with the numerical simulation, which was discussed. The results show
that there will be a stress concentration when the contact area is small. In addition, the concentrated stress will release with the
increase in contact area. With the increase in the lateral stress coeﬃcient, the deformation exhibits a downward trend under
static loading, indicating that the lateral stress is the dominant force driving the deep geostress activity. The support requirement of this section of surrounding rock can be satisﬁed by a U-shaped steel group with 1.5 m spacing under
dynamic disturbance.

1. Introduction
Due to the severe situation in the mining market in recent
years, all mining enterprises are further reducing the cost and
increasing eﬃciency, and the cost of tunnel support accounts
for a large proportion of the cost of mine production materials.
If the support forms and parameters of the tunnel are not
chosen properly, it will cause two extremes: one is the high
intensity of support, which will cause high support costs and
aﬀect the speed of excavation. The other is that the strength of
support is not enough to eﬀectively control the deformation of
surrounding rock, and safety accidents can easily occur such as
roof fall. How to reduce the support cost under safe conditions
has become a new topic in the production of enterprises.
Because the mine production condition is special, safe,
and stable, production can enter the track of the virtuous

circle. Particularly, roof collapse is one of the most destructive safety accidents occurring during and after the deep
tunnel excavation. According to statistical data, approximately 1200 deaths have been caused by tunnel instability in
2008 in China; tunnel instability is an accident that is difﬁcult to predict, creates a great safety hazard, and produces
strong destructiveness [1]. Therefore, to reduce the support
cost, ﬁrst of all, we should do a good job of safety, to solve the
problem of roadway instability.
To solve the tunnel instability problem, the microseismic
monitoring technology is employed to locate cracks and
characterize the stress conditions for the physical processes
related to rock deformation and failure, which can provide
guidance for the evaluation of tunnel stability [2–5].
However, the diﬃculties in accurate identiﬁcation and localization for microseismic sources may delay the stability
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analysis; thus, tunnel safety cannot be eﬀectively ensured.
Dong et al. [6, 7] established an interval nonprobabilistic
reliability model to analyze the stability of jointed rock mass.
In addition, Li et al. [8–11] were the ﬁrst to study the
mechanical properties of rock under dynamic and static
combined loading and put forward the corresponding
constitutive model, as well as the two coupling loading
methods “critical static stress slight disturbance” and “elastic
static stress shock disturbance,” and applied them to the
experiment. Through the small-scale model tests, Kirsch [12]
researched the evolution of failure mechanism for diﬀerent
overburden layers over the tunnel. Yang et al. [13] established a numerical model of tunnel ventilation using UDEC,
and then the tunnel failure process was simulated. Based on
the numerical simulation and laboratory experiment, Wang
et al. [14] investigated the deformation characteristics, stress
distribution, and stability of surrounding rock in tunnels,
which provided useful information for the tunnel collapse
process. However, it is worth noting that the abovementioned research mainly focuses on the analysis of failure
mechanism and process, which is a type of post hoc analysis
for the excavated tunnels. Actually, it is also important to
select suitable and eﬀective supporting methods for tunnels,
which can basically prevent the deep tunnel instability in a
direct way, and the purpose of reducing the support cost is
achieved.
Currently, the commonly used supporting technologies
include shotcrete [15], bolts [16], and steel I-beams [17],
and their characteristics and performances have been
comprehensively discussed. Zhou et al. [18] calculated the
critical buckling stress of the I-steel concrete composite
beams, which provided a theoretical basis for improving
the support eﬀect of the I-steel concrete composite beams.
Cao et al. [19] put forward a bolt support method for
tunnels that can reduce surrounding rock deformation
through optimization of bolt parameters and arrangement,
ﬂoor beam layout, and full-length grouting. Although
these technologies have the advantages of low support
costs and improved support eﬀects, most of them have the
disadvantages including the low support strength, antibending capacity, and diﬃcult applicability, which are also
prominent [20, 21]. Thus, it is more suitable for them to be
applied in shallow tunnels, instead of deep tunnels with
high geostress. In recent years, more attention has been
paid to the yieldable U-shaped steel due to its superior
characteristics shown in deep tunnels, which can eﬀectively control the surrounding rock deformation through
the adaptation of proper support intensity. Liu et al. [22]
explored the mechanical mechanism of U-shaped steel
supports using ANSYS software. Jiao et al. [23] improved
the support eﬀects of the traditional U-shaped steel sets in
a loose thick coal seam, which can accelerate the excavation and reduce cost. However, the factors including
support spacing, side stress coeﬃcient, dynamic disturbances, and contact area between U-shaped steel and
surrounding rock are not comprehensively considered in
the previous research, actually. The support spacing and
contact area are related to tunnel stability and mine cost. In
deep tunnels, horizontal stress is one of the important
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factors related to tunnel instability, and mine operation is
aﬀected by blasting impacts and other events. Therefore, it
is signiﬁcant to study the U-shaped steel support in deep
tunnels under the eﬀects of various inﬂuencing factors.
In view of this, we put forward a coupled formula for the
U-shaped steel and surrounding rock in deep three-center
arch tunnels that can be used to evaluate U-shaped steel
failure. Then, a 3D coupled model was established using
ANSYS software. With the considerations of diﬀerent
support spacings, side stress coeﬃcients, contact area ratios,
and dynamic disturbances, the stability of surrounding rock
and the support eﬀect of U-shaped steel were comprehensively researched. Furthermore, combined with the ﬁeld
blasting vibration tests, the numerical simulation results
were analyzed and veriﬁed. Finally, the optimal support
spacing of U-shaped steel was solved with the combination
of stress concentration factor. This paper is expected to
provide theoretical guidance for the U-shaped steel support
of deep tunnels, which can improve tunnel stability and
reduce support cost.

2. Establishment of the Coupling Model
In general, the micromodels are established to explore the
mechanisms between surrounding rock and support
system [24, 25], which are commonly established for the
circular tunnels. On this basis, a coupling model between
surrounding rock and U-shaped steel in the three-core
arch tunnel is proposed. The U-shaped steel is simpliﬁed
and can be regarded as a bar member, as shown in
Figure 1.
2.1. Perturbation Equation Addition. The arch form exists in
both U-shaped steel and surrounding rock. It is advisable
that the arch deformation mode should be set as sin(πx/t),
according to reference [25]. Combined with the static
pressure and harmonic roof plate disturbance, the sum of
uniform load and roof plate disturbance can be calculated as
πx
Q(x, t) � F(cos Ωt) · sin  + q(x, t),
(1)
L
where Q(x, t) is the sum of uniform load and roof plate
disturbance, F is the vibration amplitude, Ω is the vibration
angular frequency, and q(x, t) is the uniform load on the
U-shaped steel roof plate.
2.2. Analysis of Coupling Failure between U-Shaped Steel and
Surrounding Rock. The main form of bar failure is tensile
failure. The maximum tensile stress can be calculated with
the critical tensile force of the bar:
σ max �

ρL2
ρL2
− σh �
− ξ · Q(x, t),
2h
2h

(2)

where ρ is the rock mass density, ξ is the side stress coeﬃcient, and σ max is the maximum tensile stress.
The critical force for the pressed beam is calculated as
follows:
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Figure 1: Coupling model of the roof of the surrounding rock and
supporting body. Q(x, t) is the sum of the uniform load and vibration of the roof plate, acting on the upper part of the bar; σ h is
the horizontal stress, acting on the horizontal direction of the bar; L
is the length of the bar and can be the span of U-shaped steel; h is
the thickness and can be set to unit length “1.”

π2 EI
� σ cr · bh,
(μL)2

25
30
Q (x, t) (Mpa)

35

40

Stability

U-shaped steel spacing is diﬀerent. The A value in all cases in
the table is less than 0, which means the U-shaped steel does
not break. Considering the physical parameters of surrounding rock, it is normal to meet the requirements of
stability.

3. ANSYS Numerical Simulation Analysis
(3)

2

π Eh
,
σ cr �
3L2
where σ cr is the critical stress for the pressed beam; b is the
beam width and can be set as unit length “1”; μ is the length
coeﬃcient, taken as 0.5; and I is the second moment of area.
When the maximum compressive stress of the bar is
greater than the critical stress (σ cr < σ h ), U-shaped steel will
be unstable. The safety factor A determines the stability:
A�

20

Figure 2: U-shaped steel failure curve. Q(x, t) is the sum of
uniform load and roof plate disturbance, and A is the factor of
safety. The value of A decreases with the increase in elastic modulus
Q(x, t).

Plastic area

2

15

0.85

Elastic area

Fcr �

10

σ max  ρL2 /2h − ξ · Q(x, t) 3L2 ρL2 − 2hξ · Q(x, t)
�
.
�
2π2 Eh3
σ cr
(π2 Eh2 /3L2 )
(4)

If A > 1, U-shaped steel will be unstable.
If A < 1, U-shaped steel will be stable.
The diﬀerent values of the sum of uniform load and roof
plate disturbance are substituted into equation (4), and the
failure curve of U-shaped steel is drawn, as shown in Figure 2. A critical point of U-shaped steel failure is obtained
roughly, which is located between E � 24 MPa and 26 MPa,
which provides some guidance for subsequent numerical
simulation.
2.3. Formula Demonstration. Hypothetical surrounding
rock mechanical parameters are σ c � 20 MPa, C � 6 MPa,
φ � 25° , G � 5 GPa, R0 � 3 m, P0 � 15 MPa (low ground
stress ﬁeld), and P0 � 35 MPa (high ground stress ﬁeld).
To verify the correctness and the eﬀectiveness of the
solved formula, several groups of simulations and ﬁeld related data are listed in Table 1, in which P0 represents
diﬀerent vertical stresses. The stress varies when the

In order to study the support eﬀect of U-shaped steel on-site,
a coupling model between U-shaped steel and surrounding
rock was established based on mine geological data. The
parameters of 25 U-shaped steels and rock masses are shown
in Tables 2 and 3.
In the process of numerical simulation, it is impossible to
take all factors that aﬀect the tunnel stability into account.
Therefore, the simulation makes some necessary assumptions: (1) the rock mass is regarded as a continuous, homogeneous, and isotropic medium; (2) the contact surface of
U-shaped steel and rock mass is in good condition with no
relative slip; and (3) the eﬀects of groundwater are not
considered.
According to the degree of rock fracture in deep mines,
Dong and Zhao [26] divide the quality of surrounding rock
into ﬁve grades. The selected parameters are similar to those
of grade II rock mass with small collapses and low strength
of rock fracture section. In order to ensure the safety and
stability of the tunnel, the tunnel adopts the U-shaped steel
support.
The parameters in Tables 2 and 3 are inputted into the
model, and 24 monitoring points are arranged on the
U-shaped steel beam on average; the boundary conditions of
the model are carried out, as shown in Figure 3.
3.1. Spacing Inﬂuence Factor. The rationality of U-shaped
steel spacing is one of the important problems related to the
redundancy of support and the economic beneﬁt of the
whole mine. More importantly, it can protect the supports
from out-of-plane instability. For this purpose, the equivalent stress and deformation of U-shaped steel at diﬀerent
spacings were simulated, as shown in Figure 4. Among them,
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Table 1: The safety factor of the coupling model between the surrounding rock and U-shaped steel.

Plan
A
B
C
D
E

P0 (MPa)

K

P

Ω(Hz)

v(m/s)

t(s)

A

15
20
25
30
35

0.8
1.0
1.2
1.5
2.0

1/4
1/3
1/2
3/4
1

10
30
50
70
90

1
2
3
4
5

4.5
4.6
4.7
4.8
4.9

<0
<0
<0
<0
<0

K is the side stress coeﬃcient, and P is the contact area ratio.

Chemical
composition
Geometric
parameters

Mechanical
properties

Table 2: The chemical composition, geometric parameters, and mechanical properties of U-shaped steel.
P
C
Si
Mn
ALt
0.21∼0.31
0.2∼0.6
1.20∼1.60
≥0.015
≤0.045
Inertial
Sectional
Weight
Moment of inertia (cm4)
radius
Sectional modulus (cm3)
area (cm2)
(kg·m−1)
(cm)
IY
Ix
Iy
WX
WY
IX
31.79
24.95
495.8
551.9
3.95 4.17
83.1
81.77
Tensile
Yield
Bending test (D � diameter
Shear
Young’s
Elongation
strength
strength
(mm); A � sample thickness
strength
modulus
at break (%)
(MPa)
(MPa)
(mm))
(MPa)
(GPa)
530
335
20
D � 3A
318
206

Table 3: Rock mechanical parameters.
Parameter
Young’s modulus (GPa)
Poisson’s ratio
Compressive strength (MPa)
Tensile strength (MPa)
Internal friction angle
Cohesion (MPa)

Supporting section
surrounding rock
98
0.22
75
10
35
27

the distance is between 1.0 m and 2.5 m, the deformation of
each monitoring point is increased, but the amount of
deformation at 0.5 m is relatively large. The local single data
and the overall data deviation need to be quantiﬁed.
3.2. Impact Factor of Lateral Stress Coeﬃcient. The side stress
coeﬃcient is the ratio of vertical stress to horizontal stress,
which is an important aspect of tunnel stability. The lateral
stress coeﬃcient is related to tunnel stability, so a tunnel
support model with diﬀerent lateral pressure coeﬃcients and
1.5-meter spacing is established, as shown in Figure 5. It can
be seen that, with the increase in lateral stress coeﬃcient, the
main force of U-shaped steel is transferred from the top
beam to the side beam.
Second, the deformation values of U-shaped steel
monitoring points under each side stress coeﬃcient are
extracted, and the curves are drawn, as shown in Figure 6.
The black broken line deformation is the largest and the
green broken line deformation is the smallest, indicating that
the main force of failure and instability of deep U-shaped
steel is horizontal stress.
Considering only one factor is not enough to obtain the
support law, diﬀerent spacings are added on the basis of

S
≤0.045
Static
moment
(cm)
Sx
197.5
Poisson’s
ratio
0.3

diﬀerent lateral stress coeﬃcients. As shown in
Figures 7(a)–7(c), it can be seen that the deformation
amount of the black broken line with the distance of 0.5 m is
larger than that of the 1.0 m red broken line. The deformation of the black broken line with 0.5 m spacing is
smaller than that of the 1.0 m red broken line, which indicates that, with the increase in the side stress coeﬃcient,
the deformation characteristics of the U-shaped steel with
small spacing will change. The side stress coeﬃcient increased, and the outburst deformation part of U-shaped steel
was transferred from the top beam to the side beam.

3.3. Impact Factor of Contact Area Ratio. In practical applications, due to construction problems, the tunnel surface
is often not regular, and the erection of U-shaped steel
cannot be completely aligned with the surrounding rock.
Because the ﬁtting is incomplete, the local stress concentration phenomenon often appears [27]. Stress concentration refers to the phenomenon that the maximum stress
value is higher than the average stress value in the local
region of the structure or member. Therefore, it is necessary
to analyze the contact area ratio between U-shaped steel and
surrounding rock. For this reason, a tunnel support model
with a lateral pressure coeﬃcient of 1 and a distance of 1.5 m
is established, under diﬀerent contact area ratios, as shown
in Figure 8. From Figures 8(a)–8(c), it is found that the
bottom of the U-shaped steel has less contact with the rock
mass, and the equivalent stress value is higher. It can be seen
from Figures 8(d)–8(f ) that the equivalent stress values are
smaller than those shown in Figures 8(a)–8(c). The side
beam contact is relatively higher, and the equivalent stress
value is low. It indicates that, with the increase in ground
stress, the dangerous point of the material is the point with
higher equivalent stress.
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ANSYS
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Pressure 3
Time: 1s
2018/12/30 18:18
A
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C
D
E
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Pressure 2: 1.809e + 007 Pa
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X
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U-steel deformation

U-steel deformation

Figure 3: Coupling model of U-shaped steel and surrounding rock. The boundary conditions and 24 monitoring points are represented with
A to F and red spheres.
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U-steel deformation

(b)

U-steel deformation

(a)
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Figure 4: Continued.
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0.0014
Deformed line diagram

U-steel deformation

0.0013
0.0012
0.0011
0.0010
0.0009
0.0008
0.0007
2.5m spacing

0

5

10

15

20

25

Points
Spacing
0.5m
1.0 m
1.5m

(e)

2.0m
2.5m
(f )

U-steel deformation

U-steel deformation

Figure 4: Deformation of the U-shaped steel with diﬀerent spacings: (a) 0.5 m; (b) 1.0 m; (c) 1.5 m; (d) 2.0 m; (e) 2.5 m. They are represented
by the curves in black, red, blue, pink, and green, respectively. Blue to red, small to large deformation. The data from the monitoring points
are extracted and drawn as the broken line map (f ). The maximum values were 1.5502 mm, 1.2614 mm, 1.2615 mm, 1.2617 mm, and
1.2619 mm, respectively.

0.8 side stress coefficient

1.0 side stress coefficient

U-steel deformation

(b)

U-steel deformation

(a)

1.2 side stress coefficient

1.5 side stress coefficient

(c)

(d)

Figure 5: Continued.
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U-steel deformation

Minimal

2.0 side stress coefficient
(e)

Smaller
Medium
Maximum

Deformation extent
(f )

Figure 5: Deformation of the U-shaped steel with diﬀerent lateral stress coeﬃcients: (a) 0.8; (b) 1.0; (c) 1.2; (d) 1.5; (e) 2.0. Dark blue to deep
red, small to large deformation. The maximum values were 1.3533 mm, 1.2614 mm, 1.1701 mm, 1.0344 mm, and 0.95849 mm, respectively.

0.0014
0.0013

Deformation

0.0012
0.0011
0.0010
0.0009
0.0008
0.0007
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

0.0006

Points
0.8 side stress coefficient
1.0 side stress coefficient
1.2 side stress coefficient

1.5 side stress coefficient
2.0 side stress coefficient

Figure 6: The deformation of various side stress coeﬃcients. The
black broken line, red broken line, blue broken line, pink broken
line, and green line represent the deformation of 0.8, 1.0, 1.2, 1.5,
and 2 side stress coeﬃcients, respectively.

From the maximum deformation shown in Figure 9, it is
known that the U-shaped steel bearing capacity is mainly on
the top, and with the increase in the contact area, the
maximum deformation is decreasing.
Data extracted for analysis are shown in Figure 10.
Figure 10(a) shows oscillating discontinuity at monitoring
points numbered 8 to 17 (U-shaped steel roof beam).
According to the lateral stress coeﬃcient inﬂuence factors,
vertical stress plays a leading role when the lateral stress
coeﬃcient is 1.0. Therefore, the deformation part is the top
beam part, and at this time, the value of the top beam part is
an oscillating discontinuity, which indicates that the local
stress concentration forms when the contact area is small. As
shown in Figures 10(b)–10(f ), with the increase in the
contact area ratio, the U-shaped steel contact with the
surrounding rock is increased. The concentration stress of

the untouched part of the U-shaped steel roof beam is
transferred to other contact parts, and the concentration
stress is released eliminating the oscillating discontinuity
phenomenon.
To compare the deformation of diﬀerent contact area
ratios, the data of each monitoring point at 1.5 m spacing are
drawn in Figure 11. Among them, under the condition of
complete contact, the deformation of each monitoring point
is smaller than other conditions, which indicates that the
coupling eﬀect of U-shaped steel and surrounding rock is
good, the overall force is enhanced, and the supporting eﬀect
is better. When the contact area ratio is 1/4, there is a
signiﬁcant jump at monitoring points 8 to 17, that is, the
stress concentration part. That is to say, for a part of
U-shaped steel, the pressure increases when the force area
decreases, and the maximum stress value in the local region
of the member is higher than the average stress value.
3.4. Force Analysis of U-Shaped Steel under Dynamic
Disturbance. With the increase in depth, underground
stress activity intensiﬁes, which often has a great inﬂuence
on tunnel stability [28]. Therefore, based on the original
model, a dynamic disturbance was added to simulate its
eﬀect on the supporting body, as shown in Figure 12. Based
on this analysis under two schemes, ﬁrst, the dynamic block
sustained 0.1 s impact on the rock mass at the velocity of
60 m/s. Second, the dynamic block sustained 0.15 s impact
on the rock mass at the velocity of 50 m/s. The impulse of
scheme 1 is less than that of scheme 2, which indicates that
the acting force of scheme 1 is less than that of scheme 2.
The following results were obtained by simulation of the
two schemes, as shown in Figure 13. From Figure 13(c), it is
concluded that the deformation of the left beam is clearly
close to the dynamic disturbance, especially at the bottom.
From Figure 13(f ), it is concluded that the maximum deformation occurs at the 45° oblique beam, while the lateral
beam and the bottom are relatively small. Figure 13(d) is
more uniform than Figure 13(a), and there is no irregular
deformation distribution in the model. In Figure 13(f),
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0
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0.0011

Distance of 0.5 m
Deformation of each
monitoring point
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0.0009
0.0008
0.0007

Distance of 1.0 m
Distance of 1.5 m
Distance of 2.0 m
Distance of 2.5 m

0.0006
0

5

10
15
20
2.0 side stress coefficient

25

(e)

Deformation at different distance

(f )

Figure 7: The deformation of various monitoring points with diﬀerent factors. (a) Deformation of the 0.8 side stress coeﬃcient; (b)
deformation of the 1.0 side stress coeﬃcient; (c) deformation of the 1.2 side stress coeﬃcient; (d) deformation of the 1.5 side stress
coeﬃcient; (e) deformation of the 2.0 side stress coeﬃcient. The black curve represents the distance of 0.5 m; the red curve, the distance of
1.0 m; the blue curve, the distance of 1.5 m; the pink curve, the distance of 2.0 m; the green curve, the distance of 2.5 m.

relative to Figure 13(c), the deformed section of the monitoring point is transferred from the lateral beam to the
inclined 45° beam. This shows that, with the increase in
dynamic disturbance time, the main force points of
U-shaped steel will change and transfer to the top beam.
In view of this, the deformation and equivalent stress
values of the two schemes are extracted for analysis, as
shown in Figure 14. It can be seen from Figure 14(a) that the
deformation of the power block is larger if the force is large.

The equivalent stress of the supporting body is larger if the
speed of the power block is larger at monitoring points 1 to 7,
as shown in Figure 14(b). However, monitoring points 8 to
24 do not follow this rule. It is thus evident that the velocity
aﬀects the supporting body, and the magnitude of the
equivalent eﬀective stress depends on the distance between
the power block and the supporting body.
Metal mine tunnels are usually carried out by blasting.
The existence of shock waves caused by blasting aﬀects the

9

Equivalent stress

Equivalent stress
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1/4 contact area

Equivalent stress

(b)

Equivalent stress

(a)

1/3 contact area

1/2 contact area

(d)

Equivalent stress

Equivalent stress

(c)

2/3 contact area

3/4 contact area
(e)

Full contact
(f )

Figure 8: The overall equivalent stress. The equivalent stress is based on the stress contour line to express the stress distribution in the model.
It can clearly describe the variation in a result in the whole model so that it can quickly determine the most dangerous region in the model.
The equivalent stress maps with contact area ratios of (a) 1/4, (b) 1/3, (c) 1/2, (d) 2/3, (e) 3/4, and (f ) 1 are shown. The maximum values were
1.6939e8 Pa, 1.7734e8 Pa, 1.7192e8 Pa, 1.8352e8 Pa, 1.8613e8 Pa, and 1.1269e8 Pa, respectively.

safety of underground mining. Therefore, the inﬂuence of
blasting disturbance on U-shaped steel during tunnel excavation is simulated, as shown in Figure 15. Subsequently,
according to diﬀerent explosive quantities, the blasting is
carried out in the adjacent tunnel, and the result is shown in
Figure 16. To further study the supporting mechanism of
U-shaped steel, the blasting wave is extracted and analyzed,
as shown in Figure 17. It can be seen from Figures 17(a)–
17(d) that the positive and negative signs of velocity

represent directionality, and the maximum vibration velocity approximately increases with the increase in explosive
content.
Finally, the stress values of U-shaped steel are extracted,
as shown in Figure 18. With the increase in explosive
quantity, the equivalent stress decreases ﬁrst and then increases. The possibility of this phenomenon is twofold:
ﬁrst, the eﬀect of energy transfer in the rock mass is
diﬀerent when the vibration frequency of diﬀerent
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Figure 9: Total deformation of U-shaped steel with the contact area ratios of (a) 1/4, (b) 1/3, (c) 1/2, (d) 2/3, (e) 3/4, and (f ) 1/1. The
maximum deformation values were 1.3069 mm, 1.3027 mm, 1.2906 mm, 1.2863 mm, 1.2813 mm, and 1.2614 mm, respectively.

explosions is diﬀerent. Second, the blast wave propagates in
the air and rock mass to produce reﬂection. It is possible that
the blast wave and reﬂected wave are oﬀset, and it is also
possible to stack.
In view of this, it is not ideal to consider only the equivalent
stress, so the strain value of the corresponding model is
extracted, as shown in Figure 19. The strain value is positive,
indicating that the stress of U-shaped steel is tensile stress, and
vice versa for compressive stress. It can be seen that the main
force of U-shaped steel in Model 1 and Model 3 is tensile stress.
Model 2 and Model 4 are mainly under compressive stress.

Therefore, the force of U-shaped steel changed from tensile to
compressive due to the change in explosive content,
showing that it is within the disturbance range (no more
than tensile-compressive strength), and the support’s
physical strength can eﬀectively guarantee the safety of the
supporting section. It can be seen from Figures 17 and 18
that the explosion wave propagation will produce reﬂected
waves in the rock mass. Based on the diﬀerent blasting
frequency, the vibration wave will be superimposed or
oﬀset; the smaller the blasting vibration frequency is, the
greater the impact of the supporting body is.
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Figure 10: Various factors and contact area ratio for the deformation: (a) 1/4; (b) 1/3; (c) 1/2; (d) 2/3; (e) 3/4; (f ) 1/1. The black curve
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Figure 12: Dynamic impact model diagram. The blue model represents the rock mass, the black one represents the U-shaped steel, the red
square represents the dynamic impact block, and the dynamic impact block from the laneway is (x : − 9.0, y : 0.5, z : 2.5).

4. Field Tests and Discussion
The data and results obtained from the above numerical
simulation were compared and analyzed according to the
actual situations. Figure 20 is a plane diagram of −630 m
middle section of Jiaojia Gold Mine, Shandong Gold Group,
China. The U-shaped steel of the ramp road was selected for
analysis, as shown in Figure 21.
Combined with the rock mass characteristic parameters
in the support section, the numerical simulation test was

carried out with the formula derived in this paper and the
ﬁeld blasting data, and the results were analyzed, as shown in
Figure 22. The simulated blasting wave data generated by
40 kg explosives were compared with the spot blasting data.
The actual blasting velocity waveform basically coincided
with the simulated blasting waveform, the actual waveform
was slightly larger, and the error between the two waveforms
was approximately 10%. Then, the ﬁeld data are added to the
U-shaped steel surrounding rock coupling formula to verify
the calculation results shown in Table 1. Apparently,
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Figure 13: Overall disturbance distortion. (a, d) Total deformation. (b, e) U-shaped steel magniﬁcation diagram. (b, e) Deformation of Ushaped steel monitoring point. (a), (b), and (c) are the numerical simulation of scheme 1, and (d), (e), and (f ) are the numerical simulation of
scheme 2.

excluding the impact of groundwater and rock joints and
fractures, the U-shaped steel spacing is 1.5 m, which meets
the stability requirements.
Many scholars have studied the stress concentration of
rocks [29–32]. Considering the loosening of underground
rocks, the existence of joints, and so on, the vertical stress
was calculated according to the actual mine conditions and

the tunnel depth. Then, the vertical stress changes under
diﬀerent stress concentration factors were calculated
according to the ﬁtting condition of the surrounding rock
and steel support, as shown in Figure 23. It can be seen that
higher stress concentration factors cause a worse degree of ﬁt
between the surrounding rock and the steel support and the
greater vertical stress on the steel support. The stent will
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Figure 16: The overall equivalent stress for blasting. The eﬀect of blasting disturbance on U-shaped steel is obtained under the explosive
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Figure 17: Burst disturbance waveform. The velocity waveforms produced by blasting of 32 kg, 40 kg, 48 kg, and 60 kg explosives are
represented, and the main frequency is 74 Hz, 3.7 Hz, 96 Hz, and 4.5 Hz, respectively. (a) Explosive content 32 kg and main vibration
frequency 74 Hz. (b) Explosive content 40 kg and main vibration frequency 3.7 Hz. (c) Explosive content 48 kg and main vibration frequency
96 Hz. (d) Explosive content 60 kg and main vibration frequency 4.5 Hz.
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damage, and there is loss of support capacity when the vertical
stress is greater than the yield stress of the steel support.
To obtain reasonable steel support spacing, the vertical
stress of steel support under different stress concentration
factors was considered. The processed data were plotted in
Figure 24. When the support stress exceeds the yield strength
of the material, the steel frame will be destroyed and the
support strength will be lost. Moreover, the higher the stress
concentration factor, the greater the vertical stress on the
U-shaped steel support. When the stress concentration

Figure 20: Jiaojia Gold Mine: −630 m midsection plan.

factor is 12, the steel bracket spacing should be approximately 0.8 m to ensure the vertical stress is less than the yield
strength. When the stress concentration factor is 9, the steel
bracket spacing should be approximately 1.2 m to ensure the
vertical stress is less than the yield strength. When the stress
concentration factor is 6, the steel bracket spacing should be
approximately 1.8 m to ensure the vertical stress is less than
the yield strength. When the stress concentration factor is
less than 6, the yield strength of the steel support is greater
than the vertical stress of the support, and the steel support
can play a good role to ensure that the surrounding rock
of the tunnel is in a stable state. In practice, the stress
concentration factor of U-shaped steel is generally between
6 and 9, and the spacing of 1.5 m can meet the safety
requirements.
In this paper, the numerical simulation of steel support
spacing, contact area, and lateral stress coefficient is taken
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Figure 21: The −630 m middle ramp. The red circle in the diagram shows the degree of adhesion between U-shaped steel and surrounding
rock. The average spacing of U-shaped steel is 1.5 m, and the contact area ratio is approximately 1/4.
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into account. Combined with blasting vibration, the optimized parameters of U-shaped steel are obtained. Furthermore, a coupled formula for the U-shaped steel and
surrounding rock in deep three-center arch tunnels is put
forward, and its correctness is verified.

5. Conclusions
U-shaped steel supports play an extremely important role in
deeply buried tunnels under dynamic disturbance. We apply
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Figure 23: Vertical stress changes with different stress concentration factors. The black curve represents the equivalent stress of
U-shaped steel with 0.8 side stress coefficient, the red curve represents the case of side stress coefficient 1.0, the blue curve represents the case where the side stress coefficient is 1.2, the pink
curve represents the lateral stress coefficient of 1.5, the green curve
represents the lateral stress coefficient of 2.0, and the brown
represents the yield stress of U-shaped steel.

the coupling formula and stress concentration factor of
U-shaped surrounding rock to study tunnel stability. The
correctness of the formula is verified by using surrounding
rock data and numerical simulation. Factors such as disturbance angular frequency, velocity, and time are selected
as safety factor indexes of U-shaped steel.
Through the numerical simulation of different spacings,
side stress coefficients, contact area ratios, and explosive
quantities, the following conclusions can be drawn: (i) the
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outburst deformation section of U-shaped steel with lateral
stress coeﬃcient less than 1 is the part of the top beam. With
the increase in lateral stress coeﬃcient, the overall deformation shows a downward trend, indicating that the
lateral stress is the dominant force in deep ground stress
activity. (ii) When the contact area is small, a stress concentration will form, which is one of the factors leading to
the instability of U-shaped steel. (iii) The stability of
U-shaped steel is tested by simulating dynamic impact and
blasting vibration. The results clearly show that the
U-shaped steel with a spacing of 1.5 m can meet the support
requirements of grade V surrounding rock.
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