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With the excavation towards the intersecting tunnels’ direction, the impact on the surrounding rock stress between the two
tunnels will gradually decrease, but how it decreased is not clear. At present, engineers often directly superimpose the stress in the
triangular area of the crossing tunnel when calculating the stress in this area (single-hole superposition theory). 'e theory is also
used as the main theory to consider the surrounding rock stress for support which is difficult to explain the situation of
nonuniform cross-section centers not in the same plane. 'e safety level of support is mainly determined by construction
experience which is unable to determine how to adjust the support level with the increase in the horizontal distance of intersecting
tunnel, causing the insufficient utilization of materials. 'is paper derives theoretically the stress calculation of the triangular area
of circular cross tunnels with different cross sections and analyzes the surrounding rock stress law of the intersecting tunnels
triangular area from different cross-section dimensions (the difference in diameter between the two tunnels is twice, 3 times, and 4
times) and different intersection angles. And the results show that, compared with the case of equal tunnel diameters, the stress
influence area of the surrounding rock in the triangle area mainly expands to the side of the small section with the increase of the
cross-section difference of the intersecting tunnels; the dangerous area of the surrounding rock in the triangle area moves
vertically to the small section; the safest condition is the two tunnels with 90° intersecting angle. 'e theoretical calculation model
of this paper is verified by the previous research results.

1. Introduction

'e land resource on the ground is becoming more and more
rare since the rapid increase in the population of China. 'e
construction scale of underground projects is becoming larger
and the structural form is becoming more complex due to the
diversification of the use functions.'erefore, the emergence of
underground intersecting tunnels is inevitable. 'e research of
stability of the surrounding rock at the intersection is the key
point of the excavation of the underground tunnel, and the
section size of the tunnel is an important factor.When themain
cave and the auxiliary cave intersect with an acute angle, the
stress concentration of the surrounding rock in the triangle
area is greater than that which forms an obtuse angle, and the
stability of the surrounding rock is poor. As the angle of in-
tersection gradually changes to a vertical intersection, the
surrounding rock becomes gradually stable [1].

For the stability of the surrounding rock in the triangle
area of the intersection, scholars at home and abroad have
also carried out a lot of researches. For example, Professor
Ping [2] proposed a calculation method for the stability of
the surrounding rock of the roadway at the intersection and
put forward the theory named equivalent span and gave us
the distribution curve of the concentration coefficient K. Sun
[3] analyzed the vertical stress distribution law of the sur-
rounding rock at the intersection under different spans and
heights of the intersection roadway with Professor Ping’s
theory; Rao et al. [4] further summarized the vertical stress
distribution law of surrounding rock at different angles
between the main tunnel and the auxiliary tunnel at the
intersection; Shi [5] introduced the deformation law of the
surrounding rock of the roadway with different intersections
and analyzed the formation mechanism of rock column
pressure in the corners of the intersection; Singh [6] and
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others carried out numerical simulation analysis on three-
way intersection roadway and proposed the design criteria
for three-way intersection support system; Professor
Yoginder P. Chugh of Southern Illinois University, aiming at
roadway roof fall accidents occurring at intersections, an-
nounced that proper selection and installation of the main
support and auxiliary support around these areas can
helpfully reduce the occurrence and expansion of the failure
[7, 8]. 'erefore, numerical simulation data are used to
evaluate the roof support plan, and the method of rock
reinforcement is used to improve the roof support around
the intersection according to his conclusion. Hao Wu et al.
[9] conducted a series of uniaxial compression tests on rocks
with intersecting holes to simulate rocks with deep un-
derground structures. Based on the test results, they figured
out how the prefabricated cavity affects the mechanical
properties of the specimen.

Liu et al. [10] conducted laboratory tests on the seismic
response of spatial crossing tunnels, carried out numerical
simulation studies, and summarized the ground motion
acceleration response law at the intersection center of the
tunnel. 'e intersection center under the mutual influence
of the upper tunnel and the lower tunnel was analyzed. 'e
vibration acceleration distribution of the section and the
sorting of the acceleration of different parts of the section
were analyzed. Lei et al. [11] analyzed and studied the tunnel
construction risks of shield tunnels underneath the existing
railway in sand and gravel stratum and put forward key risk
factors such as sand and gravel stratum, grouting delay, and
incorrect indoor earth pressure setting. A series of control
measures have been adopted to prevent uncontrollable large
deformation of the surrounding rock in the tunnel. At the
same time, the influence law of soft clay intrusion thickness
and atmospheric precipitation on tunnel surrounding rock
deformation during the construction of high plastic soft clay
tunnel is studied [12]. Based on EMI testing technology, Lei
et al. [13] conducted laboratory tests on the mechanical
properties of concrete members under impact load and
summarized the damage mechanics laws of members under
this type of environment.

Many studies have shown that scholars have made a lot
of achievements on the stability of the surrounding rock at
the intersection of underground tunnels, but there are few
studies on the influence of the difference in the section of the
tunnel on the deformation and stress law of the surrounding
rock in the triangle area of the intersection. On the basis of
the relational theory, this paper theoretically deduced and
analyzed the problem of the obvious size difference of cross
section of the intersection tunnel, compared the theoretical
calculation from this paper with the numerical simulation
and experimental data of the published papers, and provided
theoretical support for the design and construction of
similar projects.

2. Proposal of the Improvement Theory of the
Triangular Area in the Intersection Tunnel

'e triangle area will appear with the intersecting tunnel
excavation (as shown in Figure 1). After the completion of

the excavation, the surrounding rock stress will be redis-
tributed and the stress concentration will be easily formed in
the triangle area. However, the existing theory has certain
limitations in calculating the stress in the triangle area.
'erefore, this section will introduce how the new theory is
put forward to the problem.

2.1. Limitations of the Existing Stress Calculation "eory.
'e surrounding rock is often broken in practical engi-
neering due to excessive concentrated stress. To ensure the
safety of construction, the stress distribution of surrounding
rock in this area needs to be explored. Assuming that the
rock mass is an elastomer, the tangential stress σθ around the
portal of a deeply buried single-hole tunnel can be calculated
by formula (1) [14]. As for circular intersecting tunnels with
the same radius, the vertical stress σh in the intersection
triangle can be calculated by formula (2) [2]:
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In the formula, σθ is the tangential stress of the single-
hole tunnel; σh is the vertical stress of the surrounding rock
in the triangular area of the intersecting tunnel; P is the
original rock stress; λ is the lateral pressure coefficient; r0 is
the radius of the excavated tunnel; (ρ, θ) are the polar co-
ordinates of the calculated points; α is the intersection angle
of the two tunnels.

It can be known from formula (1) that the shear stress of
a single-hole tunnel reaches the maximum at the positions of
θ� 0 and θ� 180° on the circumference of the hole. At the
same time, the direction of the maximum shear stress is
perpendicular to the plane of the center of the circle and
points downward. 'erefore, Professor Ping proposed a
calculation method of vertical stress shown in formula (2) by
superimposing the tangential stress of two tunnels on the
central plane of a circle.

It can be concluded from formula (2) that the maximum
tangential stress on the horizontal plane of the two equal-
radius intersecting single-hole circular tunnels is directly
added (hereinafter referred to as the single-hole superpo-
sition theory) when calculating the stress of the surrounding
rock in the triangle area. As long as the maximum shear
stress is obtained and the corresponding support is carried
out, the intersection triangle will be in a safe state. However,
the limitation of this method is revealed: this method is only
applicable to the situation when the centers of the two
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intersecting tunnels are in the same horizontal plane and is
only applicable to calculate the tangential stress of the plane.
'e superposition calculation cannot be performed when
there are obvious differences in cross sections and when the
two different sizes of intersecting tunnels are not in one
horizontal plane. Unfortunately, there is no effective stress
calculation theory so far; the study can only be conducted
with numerical simulation software.

2.2. Conception and Proposal of the Improved "eoretical
Calculation Model. 'e intersecting tunnels are different
from the double-hole parallel tunnels in dealing with the
plane problem. Only to select the cross sections and treat
them as a double-hole plane problem can solve the stress for
the double-hole parallel tunnels. 'erefore, the method to
deal with intersecting tunnels is proposed in this paper. 'e
intersecting tunnels are divided by multiple planes that are
close together, as shown in Figure 2(a); each plane will divide
the two sections of the intersecting tunnels, as shown in
Figure 2(b). And the two holes on each plane can be treated
as a double-hole problem to solve the stress and displace-
ment of the surrounding rock. As long as the number of
planes selected is large enough, the stress and displacement
law of the intersecting tunnel triangle can be reflected. It can
be seen from Figure 2 that the shape of the tunnel section on
the cutting plane is not circular. 'erefore, it is necessary to
use the equivalent circle method to convert the section to
facilitate theoretical calculations.

2.2.1. "e Complex Function Method for the Double-Hole
Plane Problem. Complex functions have obvious advantages
in the calculation of the stress problem of the plane porous.
'e method can realize the stress calculation of the plane
problem with two holes under different sizes and arbitrary
arrangement [15].

Schwarz alternating method provides a feasible path to
calculate the stress and displacement of a double hole on a
plane. 'e principle of this method is that assuming that
there is only one hole in the plane, then the complex

functions φ (z) and ψ (z) can be obtained by using the stress
formula put forward by other researchers before, or the two
complex functions can be gained by using the Cauchy in-
tegral method, then the stress around another hole can be
calculated, and the opposite force (it is also called additional
surface forces in this paper) is applied around the hole and
then found the complex function corresponding to the
opposite force. At this time, the excavation of the two holes
has been realized. 'e stress of the second hole around the
first hole has still to be calculated for considering the in-
fluence of the excavation of the second hole on the first hole,
and then the corresponding complex function can be ob-
tained. 'e iteration continues until the solution reaches a
certain accuracy. By adding the complex functions, the exact
solution to the existence of two holes can be obtained [16].

Chen [16] used Schwarz alternating method to describe
the solution to a double hole in an infinite plane problem.
And on this basis, Zhang [17, 18] and others discussed that
the solution accuracy of two iterations was greatly improved
compared to that of one iteration. After that, the iteration
was carried out 20 times by Zhang, and the calculation
results were compared with the finite element method; it was
found that the calculation accuracy is enough even for two
holes with a very close distance. Yan et al. [19] also used
multiple methods to solve the problem of semi-infinite plane
parallel tunnel in combination with series to approximate
the additional surface force. 'erefore, according to the
results of the researchers announced, the final solution is
adopted after the second iteration.

2.2.2. Equal Circle Method to Realize Cross-Sectional Shape
Conversion. In this paper, the intersecting tunnels are treated
as a calculationmodel with a circular hole and an elliptical hole
in the plane. However, only the circular hole can be calculated
when the complex function is solved by the Cauchy integral
method. 'erefore, it is necessary to map the elliptical into a
circle with a complex function. In fact, it will be difficult to
carry out iterative calculation after mapping, so this paper

Tunnel 1

Surrounding rock and
rock mass

Tunnel 2

(a)

Surrounding rock and
rock mass

Tunnel 1 Traingle area Tunnel 2

(b)

Figure 1: Schematic diagram of intersecting tunnels. (a) Cross tunnel. (b) Triangle area.
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decides to utilize the equal circle method to convert the ellipse
into the equivalent circle [18].

Tunnel sections are often round, arched wall, arched
straight wall, and so on. Because of geological conditions,
there are occasionally some very irregular shapes such as
karst caves, cavities, and faults in underground projects.
Different section forms or voids in tunnel engineering will
affect the stress of surrounding rock [20, 21]. Researchers
are commonly exploring the stress distribution around
them by the method of mapping function which maps them
to the unit circle for calculation, but the process is more
cumbersome and complicated. Li [22] applied the equal
circle method of the tunnel, gave the equal circle con-
version method of common tunnel sections, and simplified
this type of problem by using the principle of equivalence.
Wu [23] and others based on the theory of the equivalent
circle method and complex function studied the sur-
rounding rock deformation and stress’ diversification
during the lateral expansion of a super-large-section tunnel
and discussed the deformation characteristics of the sur-
rounding rock and the width of one expansion. Peng [24]
combined the field measurement and the equivalent circle
method and based on conformal mapping derived the
function of expressing the plastic zone radius of the sur-
rounding rock by the anchor axial force. Under the con-
dition of elastoplastic homogeneous surrounding rock, he
obtained the radius of the plastic zone and the radius of the
loose zone of the surrounding rock when the tunnel ex-
pands and analyzed the deformation characteristics of the
surrounding rock; Yang [25] and others used the equivalent
circle method and the Schwarz alternating method to
derive the analytical solution of the surrounding rock stress
during the unilateral expansion of the expanded tunnel and
obtained the change law of surrounding rock displacement
of the extended tunnel. Zhang [26] and others explored the
construction method of noncircular tunnel stratum char-
acteristic curve based on the theory of equivalent circle
method and combined numerical analysis to obtain the best
approximate analytical form.

According to the analysis of the announced research
data, it is feasible to treat the cross-section form of the

underground tunnel with the method of equivalent circle
when analyzing the stability of the surrounding rock of the
underground tunnel. 'erefore, this paper deals with the
section of the studied tunnel with this method.

When the tunnel section is a noncircular section such
as curved wall type and straight-wall type, the complex
function theory of elastic mechanics is used to calculate
the surrounding rock stress and displacement. However,
the calculation process of the complex function method is
more complicated. In contrast, it is more convenient to
calculate the surrounding rock stress of the circular tunnel
section. 'e appearance of the equivalent circle method
achieves the simplified calculation of surrounding rock
stress of noncircular section, which ensures the accuracy
of calculation while the calculation steps are reduced.
'ere are usually four methods to determine the radius of
an equivalent circle [27].

When the height-span ratio (h/b) is 0.8–1.25, the
equivalent circle radius is as follows:

(1) Take the radius of the circumscribed circle, as shown
in Figure 3(a):
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. (3)

(2) Take the radius of the arch, as shown in Figure 3(b):

Rd �
b

2 sin(α/2)
. (4)

(3) Take the sum of the radius, as shown in Figure 3(c):
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2
. (5)

For tunnels with large span and high side walls:
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Figure 2: Simplified model of intersecting tunnels.
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(4) Take a quarter of the sum of span and height, as
shown in Figures 3(d)–3(f ):

Rd �
h + b

4
. (6)

In the formula, h is the section height; b is the section span.
'e arched section is treated as a circle of a radius of Rd,

and then the vertical stress σh of the triangular area of the
surrounding rock of the noncircular section is obtained by
formula (2).

2.2.3. Establishment of Improved "eoretical Model. After
the ellipse is treated as a circle, the complex function and the
Schwarz alternating method are used to solve the plane
double-hole problem. Under the condition of the ideal
elastic body, the complex function of the infinite plane
single-hole tunnel is as follows [16]:
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After the coordinate transformation, the complex
functions are changed into
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After applying the opposite force, the complex functions
of hole 2 are as follows:

ϕ(2)
(1) z1(  �

pr
2
1z1

cz1 + r
2
2

−
pr

2
1

c
,

ψ(2)
(1) z1(  � −

pr
2
2

z1
−
ρ2

z1

pr
2
1r

2
2

cz1 + r
2
2 

2,

zz � ρ2.

(9)

Assuming that hole 1 is not excavated, the opposite force
is applied around hole 1 after the coordinate transformation
and the complex functions corresponding to the opposite
force are as follows:
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At this time, the excavation of the two holes is realized.
Next, repeat the above steps. After the completion of the
second iteration, the complex functions in the hole 1 co-
ordinate are

h/b = 0.8~1.25

h
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Figure 3: Calculation diagram of equivalent circle radius of different sections.
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Based on the relationship between the complex function
and the stress, the stress and displacement around the
double-hole tunnel can be obtained:

σρ + σθ � 4Re ϕ1′(z) ,

σθ − σρ + 2iτρθ � 2e
2iθ

zϕ1″(z) + ψ1(z) ,

2G(u + iv) � kϕ(z) − zϕ′(z) − ψ(z).

(12)

In the formula, ϕ(1)
1 (z) and ψ(1)

1 (z) are the complex
functions after the excavation of hole 1 under the coordi-
nates of hole 1; ϕ(1)

(1)(z) and ψ(1)
(1)(z) are the form of complex

functions that transform the coordinates of hole 1 to the
coordinate of hole 2; ϕ(2)

(1)(z) and ψ(2)
(1)(z) are the complex

functions of the opposite force applied around the hole 2 in
the coordinate of hole 2 (the excavation of the hole 2);
ϕ(3)
1 (z) and ψ(3)

1 (z) are the complex functions of opposite
force applied around the hole 1 in the coordinate of hole 1;
ϕ1(z) and ψ1(z) are complex functions as the final solution;
P is the original rock stress; z is the complex coordinate,
z� x+ yi; z is the conjugate complex number of z, z � x − yi;
C is the distance between the centers of the two holes; r1 and
r2 are the radius of hole 1 and hole 2, respectively; pa �

p1 + pp2 and pb � p2 − p1, when λ� 1; vertical stress and
horizontal stress are equal; pa � 2p and pb � 0;
A � r22 − c2 + zc, B � (r22 − c2)z + r12, and C � r12 − zc.

'e theoretical model has been fully described by the
above content. 'e flowchart of the theoretical model al-
gorithm is shown in Figure 4. In the next section, the final
iterative calculation formulas ϕ1(z) and ψ1(z) will be
written as code and input into the Matlab program to
calculate the stress in the triangular area of the intersection
tunnel with different cross sections.

3. Calculation Example Verification and
Physical Engineering Analysis

In order to verify the rationality of the theoretical calculation
models used in the tunnel intersection, two numerical model
cases (the stress and displacement of surrounding rock were
verified separately) and an indoor model test (test moni-
toring of the surrounding rock stress was verified) are se-
lected to analysis comparatively. Based on the physical
engineering in Guiyang City, the analysis and discussion on
the influence of section differences on the stress distribution
law in the triangle area were carried out.
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3.1. Calculation Example Verification 1. Zhao et al. [28]
conducted a numerical simulation study on the influence of
the principal stress in the intersecting roadway on the sta-
bility of the surrounding rock at the intersection and selected
a section on-site to monitor the deformation of the sur-
rounding rock within 30 days of excavation. 'e cross
section of the intersecting roadway is an arched straight wall.
'e roadway is 4.8m wide and 3.5m high. 'e shear
modulus of the rock mass is 0.45GPa, and the bulk modulus
is 1.43GPa. 'e vertical principal stress is 5.8MPa. Besides,
the average maximum horizontal stresses and the minimum
horizontal stress of the in situ stress are 7.52MPa and
6.36MPa which can correspond to the values of P2 and P1 in
the theoretical model of this paper. After the straight-wall
section is converted into a circular section by the equivalent
circle method, the section radius r� 2.573m. Figure 4 shows
the comparison between the stress complex functionmethod
of surrounding rock, the single-tunnel superposition cal-
culation method, and the numerical simulation stress results
given by Zhao which considered the mutual influence of the
cross tunnel excavation.

It can be seen from Figure 5 that the surrounding rock
stress calculated by the model put forward from this paper
and the stress value curve given by the example both show a
change that first increases and then decreases. 'e single-
hole superposition method is ideally represented as the
closer it is from the center of the excavation surface, the
greater the stress values are. 'erefore, with the calculation
point principle, the excavation surface shows a gradual
decrease, and there is no increasing change curve, which
cannot show that the surrounding rock may be damaged.
However, in actual engineering tunnel excavation, there will
be areas of increased and decreased stress [29], so the cal-
culation method of direct superimposed stress is not
applicable.

From the comparison between the theoretical model of
this paper and the calculation results of this paper, due to
the difference between the processing of the numerical
model and the theoretical calculation, it can be seen that the
peak value and rate of change of the two are different, but
they both tend to the original rock stress in the end. Due to
the impact on excavation, the area affected by the sur-
rounding rock is roughly the same. 'e stress rise area is
8 m from the intersection. In this range, the phenomenon
that the plastic surrounding rock or even the surrounding
rock is damaged due to the stress exceeding the uniaxial
compressive strength of the rock masses is more likely to
occur. When the distance is 8–14m from the intersection,
the stress will recover, and the stress will gradually decrease
and stabilize. 'e above analysis shows that the changes of
the two are similar and the error is small, so the theoretical
calculation method proposed in this paper is suitable for
this project.

3.2. Calculation Example Verification 2. Li [30] and others
adopted numerical simulation excavation and selected
measured points on-site to explore the stress and defor-
mation of surrounding rock in the intersection, in view of

the fact that the subway tunnel and the station formed a
typical large-section and small-section intersection, and the
centers of the two sections were not on the same level plane.
According to the paper description, the large section is
round arch, 17.45m of high and 22.10m of wide, the small
section is arched straight-wall type, 6.6m of high and 8.0m
of wide, and the intersection angle is 90°. After converting
the section to an equivalent circle, the large cross-section
equivalent circles r1� 9.89m and r2� 4.54m, so the vertical
height difference between the two circle centers is h� 5.35m.

Figure 6 shows the comparison between the calculation
method of the theoretical model, the single-cavity stacking
method, and the settlement calculation results of the large-
section vault given in the paper. 'e calculation result of the
single-cavity stacking method of Figure 6 shows that the
settlement decreases as the distance increases and tends to be
stable, but its overall settlement value differs greatly from the
calculation result from the article. 'is is due to the mutual
excavation of the cross tunnels, and the surrounding rock is
disturbed more and more times of different degrees than in
the single-hole excavation. 'e final vertical displacement is
greater than that of directly superimposing the settlement of
two single holes [14]. 'erefore, the single-hole superpo-
sition method still cannot provide theoretical guidance on
settlement issues.

Compared with the deformation value given in the ar-
ticle and the theoretical deformation value calculated from
the model in this paper, it shows that the initial deformation
of the theoretical value is larger, and the value of the distance
from the intersection after stable deformation is larger
(about 20m). 'e article gives the stable displacement as
about 14m; this is related to the support treatment of the
model carried out by the author of the article, which makes
the surrounding rock safer, but the deformation curve
changes calculated by the comparison between the two are
similar and relatively close. As the distance between the
calculated point and the intersection becomes larger and
larger, the theoretical calculation and the surrounding rock
deformation value given in the article generally show a
decreasing change pattern, but the data in the article shows
that, within a short distance (within 6m), the rate of de-
formation decrease is greater than other distance values, and
the rate of change in the range of 8–14m decreases and tends
to 10mm. From the comparison and analysis of the above
two, it can be considered that the theoretical calculation
method proposed in this paper has a more accurate theo-
retical reference to similar tunnel projects than the single-
hole superposition method.

3.3. Calculation Example Verification 3. A similar model
experiment was carried out by Dong to explore the stress
change and settlement deformation laws in the bottom of the
existing tunnel and the surrounding rock above the new
tunnel when the new tunnel underpasses the existing heavy-
duty railway tunnel [31]. 'e project is a spatial cross tunnel.
'e bottom of the existing tunnel at the upper part is 16 m
from the vault of the new tunnel at the lower part. 'e two
tunnels have the same cross section, with a span of 14m, a
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height of 11.8m, and a crossing angle of 76°. 'e sur-
rounding rock of the upper tunnel is mainly strongly
weathered tuff, and the surrounding rock of the lower tunnel
is mainly medium weathered tuff. Dong preembeded the
stress box of the bottom of the existing tunnel and placed it
along the tunnel with a longitudinal spacing of 20 cm. At the
same time, the stress monitoring points were arranged at the
intersection of the existing tunnel and the new tunnel with a
vertical spacing of 8 cm.

Based on the author’s test stress results, this paper ap-
plies the single-cavity superposition method and the model
calculation method in this paper to its model test conditions,
calculates the surrounding rock stress, and compares the
measured value of the test stress. 'e comparison result
curve is shown in Figure 7. It can be seen from Figure 7 that
two calculation methods show similar laws. As the increase
of distance to the intersection, the stress of points in the
existing tunnel bottom gradually increases from negative to
positive and tends to stabilize, while themeasured data of the
experiment also increases with the increase of the distance.
However, after considering the mutual influence of the cross
tunnel excavation, the theoretical calculation model in this

paper is closer to the measured value. 'is is because the
mutual influence of the cross tunnel excavation affects the
surrounding rock more frequently and the surrounding rock
is more dangerous. At the same time, it can be seen that
tensile stress of 25 kPa appears at the bottom of the existing
tunnel due to the excavation of the new tunnel at the in-
tersection. From the perspective of the change trend, the
tensile stress of the surrounding rock decreases due to the
gradually moving away from the intersection and the
transition to a safe state, until the distance is 15 cm; the force
of the model material does not turn into compressive stress
and continues to increase to 13 kPa.

'emeasured value of the stress at the intersection reached
31kPa. As the distance increases, the tensile stress decreases
and turns to compressive stress. 'e model calculation in this
paper is basically consistent with the measured results.
'erefore, the theoretical calculation method proposed in this
paper can be used as the theoretical curve of the experimental
stress test results. However, the single-hole superposition
method is obviously difficult to guide the test stress, mainly
because the stress curve is relatively stable, and it does not
reflect the change of the experimental stress test results.
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Figure 4: Algorithm flowchart of the theoretical model.
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3.4. Physical Engineering Analysis. In order to make full use
of the existing underground structure, it is planned to ex-
pand on the original foundation. In the expansion project of
an underground civil air defense tunnel in Guiyang City, the
expanded tunnel intersects the existing tunnel at 90°, the two
tunnels are quite different in section, and the section of the
tunnel is arched straight-wall type. 'e existing tunnel has a
cross-sectional span of 8.9m, a height of 6.95m, and a burial
depth of 22.65m. From the surface to the vault of the
existing tunnel, there are three types of rock and soil, and
their bulk densities are c1 � 17.1kN/m3, c2 � 27kN/m3, and
c3 ��27.5 kN/m3. Based on the equivalent circle method, the
cross sections of the extended tunnel and the existing tunnel
are converted into circles. In this section, the stress of
surrounding rock under four crossing angles was calculated
(30°, 45°, 80°, and 90°). In order to reflect whether the centers
of the intersecting tunnels are in the same plane, it is set
when the radius is equal (r1 � 1.0r2) that the center of the
circle is in the same plane; the centers of the circles are not in
the same plane for calculation (r1 � 2.0r2, r1 � 3.0r2, and
r1 � 4.0r2) when the cross sections are different.

3.4.1. Analysis of the Influence of the Angle between the
Intersecting Tunnels on the Stress Distribution of the Sur-
rounding Rock. It can be seen from Figure 8 that the stress
concentration of the surrounding rock in the triangle area
gradually decreases (the stress of the surrounding rock tends
to the original rock stress) with the increase of the inter-
section angle of the intersecting tunnels (30° to 90°). Under
different tunnel diameter differences, the most dangerous
situation is the 30° intersection angle (tensile stress occurs in
the surrounding rock), but with the increase of the inter-
section angle, the change rate of the surrounding rock stress
which tends to be the original rock stress is increasing, which
shows that the surrounding rock becomes safer. 'erefore,

in the case of different angles, the 90° intersection angle is the
safest. And the surrounding rock gradually becomes stable
with the increase in calculation distance.

3.4.2. Analysis of Influence of Tunnel Diameter Difference on
Surrounding Rock Stress Distribution. Some points of the
angle bisector of the triangle area are selected for calculation.
It can be seen from Figure 9 that, under the same inter-
section angle, the stress change of the surrounding rock at
the same point increases first and then decreases with the
increase in the size difference of the cross section of the
intersecting tunnels. Within the influence range of stress
concentration, the surrounding rock with a difference of
twice the hole diameter is the most dangerous under dif-
ferent intersection angle. At the same time, it can be seen
that as the stress is distributed from the shallow part to the
deep part of the rock mass, the same trend appears. 'e
phenomenon of that is consistent with the inference put
forward by the literature [32]; that is, the stress of sur-
rounding rock does not only decrease with the increase of
the distance from the intersection center, but there is peak
stress between the shallow and deep surrounding rock.

3.4.3. Monitoring Experiment in Construction Site. In order
to ensure the stability of the surrounding rock during the
construction of the project, six detectors were buried at the
most dangerous intersection (twice the section diameter), to
monitor the vault and arch toe of the section, as shown in
Figures 10(a)–10(c). 'e monitoring results have been
shown in Figure 10(d). It can be seen from the figure that the
time for the surrounding rock stress to stabilize is 50 days,
except for the arch toe of the surrounding rock with a large
section later than other places (about 70 days). And the stress
tends to stabilize to the maximum (about 0.7MPa). 'e size
of the excavated section of the existing tunnel is half the size
of the new tunnel, so the arch toe of the large section is more
disturbed and more frequently during the construction. 'e
maximum stress of the small-section tunnel appears in the
vault, which is about 0.48MPa, while the arch toe on both
sides is about 0.4MPa which is different from the large-
section tunnel.

Compared with theoretical calculations, the results of
on-site monitoring are safer (mainly manifested as smaller
stress), which is related to the theory that only considers
tunnel excavation without considering the supporting
structure. On-site monitoring results are consistent with the
laws of theoretical analysis.

3.4.4. "ree-Dimensional Numerical Model. In order to
verify the calculation results of the theoretical model, the
Midas-GTS 3D FEM software was used and some nu-
merical models of the expansion project were created under
the same conditions of theoretical calculation. Most of the
tunnels are under the moderately weathered dolomite. 'e
Mohr-Coulomb constitutive model based on the
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continuum is adopted. 'e intersecting tunnels with the
same diameter (width of 8.9m; high of 6.95m) and twice
the diameter of the section are selected to compare the
stress of surrounding rock on the angle bisector of the
triangle area under the angles of 30°, 45°, and 90°. Two of
those numerical models are shown in Figures 11(a) and
11(b) as typical representative. In order to consider the
impact of tunnel excavation, the model is set to be 91m
high and 100m long, and the width is taken as the ex-
pansion project length of 80m. 'e rock mass mechanical
parameters are shown in Table 1. 'e comparison of cal-
culation results is shown in Figure 12.

From the comparison between the numerical simulation
calculation and the theoretical model calculation in this
paper, as shown in Figure 12, it can be seen that the cal-
culation results of the surrounding rock stress in the triangle
area of the two show similar laws. In Figure 12(a) with once
the hole diameter, the different intersection angles gradually
tend to the original rock stress after 5 m.

In Figure 12(b) with twice the hole diameter, the nu-
merical simulation results tend to the original rock stress
after 15m only when the intersection angle is 90°. Com-
pared with once the diameter of the cave, the rate at which
the surrounding rock tends to the original rock stress
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becomes smaller, and the theoretical calculation gradually
tends to the original rock stress after 7m. Both calculation
results show that, in the range of 0–5m from the inter-
section point, the stress caused by the excavation of the
surrounding rock is higher, and the rate of change is
greater, indicating that the surrounding rock in this range
is more dangerous than other places. In the range of
5–10m, the stress reduction rate becomes smaller, which
means that the surrounding rock becomes safer. 'is is the

secondary stress redistribution phenomenon self-adjusting
after the excavation of the rock mass. 'is phenomenon
reflects the rock mass as a characteristic of the main burden
of the load and the source of the load.'e surrounding rock
at each intersection angle of once the hole diameter is in the
original rock stress state after 10m, but under twice the
hole diameter, only 90° intersection angle that is safe after
6m through theoretical calculation. 'e intersection angles
of the numerical simulation tend to be safe mainly after
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20m, but the 90° intersection angle condition is the first to
be in a safe state, which shows that the orthogonal way is
the safest structural method of the cross tunnel. 'e above
comparison shows that the theoretical calculation and
numerical simulation calculation are consistent in de-
scribing the law of stress in the surrounding rock of the
intersecting tunnel. 'erefore, the theoretical calculation in
this paper can provide a reference to similar projects.

4. Conclusion

(1) With the help of the complex function and the al-
ternating method, the calculation of the stress of the
surrounding rock of the intersecting tunnel is sim-
plified to a plane model without considering the
influence of longitudinal excavation. 'is paper
calculated and obtained that when the angle of the
intersecting tunnel triangle area is 30°–90°, it is safe
when the distance from the intersection vertex is at
least 10m away. By this time, the requirement of the
surrounding rock support can be reduced according
to the situation.

(2) As the increase of the intersection angle of the
tunnel, the surrounding rock stress tends to stabilize
because of the increase of the change rate which
tends to the original rock stress. When the inter-
section angle increased to 90° the surrounding rock
stress was the safest.

(3) With the increase of the diameter difference between
the intersecting tunnels, the surrounding rock stress
first increases and then decreases. However, the
larger difference in tunnel diameter has a wider
range of influence than the smaller difference in
tunnel diameter.

(4) Compared with the direct superposition shear stress
of single-hole superposition theory, the theoretical
calculation models that take into account the mutual
influence of cross tunnel excavation are closer to
stress regular pattern in reality and that can be used
as a reference to underground engineering under
complex conditions in the future.
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Table 1: Mechanical parameters of rock mass.

Elastic modulus (MPa) Poisson’s ratio Bulk density (kN/m3) Cohesion (kN/m2) Friction angle (°)
Red clay 18.1 0.33 17.1 30 10
Strongly weathered dolomite 1000.0 0.18 27.0 100 25
Moderately weathered dolomite 2500.0 0.15 27.5 300 30
Spray mixing 28000.0 0.20 25.0 / /
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