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Abstract: In many previous tunnel analyses, the axial in-situ stress was ignored. In this work, its effect
on the deformation and failure of the surrounding rock of a deep tunnel was revealed, considering
the objective strain softening and dilatancy behavior of the surrounding rock. Analysis based on
the incremental plastic flow theory was conducted, and C++ was used to write a constitutive model
for numerical simulation to verify and further analyze this effect. Then, the results were validated
by the field monitoring data of a coal mine gateway. Results show that the effect of the axial in-situ
stress σa0 is more significant when strain softening is considered, compared with the results of a
perfectly elastoplastic model. When the axial stress σa is σ1 or σ3 at the initial yield, an increase or
decrease in σa0 intensifies the deformation and failure of the surrounding rock. When σa is σ2 at the
initial yield, 3D plastic flow partly controlled by σa may occur, and an increase in σa0 intensifies the
deformation and failure of the surrounding rock. The effect of σa0 will be amplified by considering
dilatancy. Considering both strain softening and dilatancy, when σa0 is close to the tangential in-situ
stress σt0 or significantly greater than σt0 (1.5 times), σa will be σ2 or σ1 at the initial yield, and then 3D
plastic flow will occur. In the deformation prediction and support design of a deep tunnel, σa0 should
not be ignored, and the strain softening and dilatancy behavior of the surrounding rock should be
accurately considered.

Keywords: deep tunnel; axial in-situ stress; strain softening; dilatancy; constitutive model

1. Introduction

Mineral resources are an important source of energy, and their development is shifting to deeper
areas [1–3], increasing the depths of the tunnels excavated for the exploitation of mineral resources.
Statistically, deep tunnels account for approximately 30% of the tunnels constructed each year, and
70% of these tunnels will need to be repaired owing to large deformations of the surrounding rock
masses under high in-situ stress conditions, which greatly increases costs [4]. It is therefore important
to correctly evaluate the effect of in-situ stress on a deep tunnel to more accurately predict tunnel
deformation and better support design.

A deep tunnel problem is often simplified to a plane strain problem, and the tangential stress
σt and radial stress σr are considered to be the maximum principal stress σ1 and minimum principal
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stress σ3, respectively, while the axial stress σa is assumed to be the intermediate principal stress σ2.
In many previous analyses [5–7], the effect of σa was not considered, and the axial in-situ stress σa0,
the initial value of σa, was ignored. However, Lu, A.-Z. et al. [8] pointed out that when σa0 exceeds a
certain critical value, it has an effect on the calculation results, and they then defined the problem as
a quasi-plane strain problem. Wang, S. et al. [9] considered that the greater the strength drop of the
surrounding rock or the greater the difference between σa0 and the uniform in-plane in-situ stress, the
more significant the effect of σa0 will be. Guan, K. et al. [10] pointed out that σa0 will cause axial plastic
flow, leading to an increase in the deformation of the surrounding rock. However, the abovementioned
studies focused on only circular tunnels and either ignored or incompletely considered the post-peak
mechanical behavior of the rock masses.

Extensive laboratory tests and field observations [11–15] show that a strain softening model can
better describe the post-peak mechanical behavior of most rock masses than perfectly elastoplastic and
elasto-brittle-plastic models can. Dilatancy is closely associated with the deformation and failure of
a rock mass [16–18]. Many rock mechanical tests [19–21] show that a rock mass exhibits significant
dilatancy in the post-peak stage and that the dilation angle strongly depends on the confining stress
and plastic shear strain, decreasing nonlinearly with an increase in the confining stress or plastic shear
strain. The surrounding rock of a deep tunnel has a large post-peak zone under high in-situ stress
conditions [22,23], and strain softening and dilatancy, as the two main characteristics of the post-peak
mechanical behavior of a rock mass, show a significant synergistic effect [24]; thus, they should both be
accurately considered in a deep tunnel analysis [25].

To reveal the effect of the axial in-situ stress on the deformation and failure of the surrounding
rock of a deep tunnel, this paper considers the strain softening and dilatancy of the surrounding
rock and analyzes a more common rectangular tunnel [17] based on the incremental plastic flow
theory under perfectly elastoplastic, considering only dilatancy, considering only strain softening
and considering both strain softening and dilatancy, for a total of four conditions. Then, a numerical
simulation is conducted to verify and further analyze the effect: a constitutive model considering
nonlinear strain softening and two-parameter dilation angle is written in C++, and this constitutive
model is combined with the dynamic relaxation method in FLAC3D to analyze the effect of the axial
in-situ stress on the surface displacement and the plastic zone depth of a deep rectangular tunnel under
the abovementioned four conditions. Finally, the results of the theoretical analysis and numerical
simulation are verified by the field monitoring data.

Mineral resources, such as coal and petroleum, occur in the earth’s crust, so the in-situ stress has
an important impact on their exploitation [26,27]. In this work, the effect of the axial in-situ stress on a
deep tunnel excavated for the exploitation of mineral resources is evaluated, and a novel constitutive
model is developed to accurately predict the deformation and failure of the tunnel surrounding rock,
which can improve the rationality of the preliminary design of a deep tunnel, reduce the repair rate,
thus reduce cost and improve production efficiency.

2. Theoretical Analysis

2.1. Description of the Problem

To exclude other influencing factors, this paper studies a rectangular tunnel excavated in a
homogeneous mudstone, and the axial in-situ stress σa0, vertical in-situ stress σv0 and lateral in-situ
stress σh0 are the principal stresses before excavation, as shown in Figure 1. For a rectangular tunnel,
the displacement and the plastic zone depth at the middle of the roof are generally larger, and because
of symmetry, the axial stress σa, vertical stress σv and lateral stress σh at these positions are always
the principal stresses during the equilibrium process after the excavation. Therefore, in this section, a
microunit at the middle of the roof is taken as an example for analysis. Then, σh is the tangential stress
σt, which is loading during the equilibrium process, and σv is the radial stress σr, which is unloading
during the equilibrium process.
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Figure 1. A rectangular tunnel and the in-situ stresses.

Because the failure mode of the surrounding rock in a deep tunnel is mainly shear failure caused
by radial unloading, and tensile failure occurs in only the shallow part of the surrounding rock, this
section discusses only shear failure (tensile failure is considered in the numerical simulation below).
The M-C yield criterion f, which is widely used in engineering [28,29], and the nonassociated plastic
flow rule are used for the analysis (compression and contraction are considered positive herein).

f = σ1 − σ3Nϕ − 2c
√

Nϕ = 0 (1)

g = σ1 − σ3Nψ

∆εp
i = λ

∂g
∂σi

, i = 1, 2, 3
(2)

where ∆εp
1 , ∆εp

2 and ∆εp
3 are the maximum, intermediate and minimum plastic principal strain

increments, respectively, c is the cohesion, ψ is the dilation angle, Nα = (1 + sin(α))/(1 − sin(α)) is a
transformation function, g is a plastic potential function, and λ is a constant that can be determined
based on the consistency condition.

2.2. When σa is σ1 or σ3 at the Initial Yield

In the case of a large difference between σa0 and the in-plane in-situ stress, σa will be σ1 or σ3 at
the initial yield of the surrounding rock [8,9]. According to Equations (1) and (2), σa will control the
failure of the surrounding rock and change the directions of the plastic flow (the axial plastic principal
strain increment ∆εp

a becomes ∆εp
1 or ∆εp

3 ).
Strain softening leads to degradation of the surrounding rock and contraction of the yield surface,

which amplifies the effect of σa0. In a strain softening model, the strength parameters are usually
defined as functions of the plastic shear strain γp, but the definitions of γp are not standardized. γp is
commonly defined as the difference between the maximum plastic principal strain εp

1 and minimum
plastic principal strain εp

3 [30], and its incremental form ∆γp is usually used in calculations:

∆γp = ∆εp
1 − ∆εp

3 (3)

According to Equations (2) and (3), ∆γp can be written as:

∆γp =
(
1 + Nψ

)
λ (4)

When considering dilatancy, Nψ > 1, inducing an increase in ∆γp. This accelerates the strain
softening, thus further amplifying the effect of σa0.

2.3. When σa Is σ2 at the Initial Yield

As shown in Figure 2, if the strain softening is not considered, σa0 will neither affect the failure
nor the plastic flow of the surrounding rock (according to Equation (2), the whole post-peak process is
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represented by 2D plastic flow controlled by σh (σ1) and σv (σ3), as shown in Figure 3); thus, σa0 will
not affect the calculation results.
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When considering strain softening, σh (σ1) rapidly decreases in the post-peak stage, and its curve
may intersect with the curve of σa, causing σa = σh > σv (σ1 = σ2 > σ3), which will lead to a 3D plastic
flow along an edge of the yield surface [31], as shown in Figure 3. The closer σa is to σh at the initial
yield, the more likely this phenomenon will occur, the earlier it will occur, and the longer it will last.
Substituting σa, σh and σv into Equations (1) and (2), the M-C yield criterion f and the nonassociated
plastic flow rule become:

f1 = σa − σvNϕ − 2c
√

Nϕ = 0
f2 = σh − σvNϕ − 2c

√
Nϕ = 0

(5)

g1 = σa − σvNψ

g2 = σh − σvNψ

∆εp
j = λ1

∂g1
∂σ j

+ λ2
∂g2
∂σ j

, j = a, h, v
(6)

where f 1 and g1 are the yield criterion and plastic potential function of the σa − σv plane, f 2 and
g2 are the yield criterion and plastic potential function of the σh − σv plane, λ1 and λ2 are the
constants corresponding to f 1 and g1 and f 2 and g2, respectively, and can be determined based on the
consistency condition.

According to Equations (5) and (6), when considering strain softening, σa will affect the calculation
results. This is further discussed by analyzing the vertical, lateral and axial plastic principal strain
increments ∆εp

v , ∆εp
h and ∆εp

a of the microunit at the middle of the roof, and the dilatancy is also
considered, as shown in Figure 4.
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According to Figure 4, under the condition that σa is σ2 at the initial yield of the surrounding rock,
whether consider the strain softening or dilatancy induces the plastic principal strain increments
different. The vertical plastic principal strain εp

v is the main component of the roof subsidence (the
plastic deformation is a main component of the deformation of the surrounding rock of a deep tunnel),
and its increment ∆εp

v is analyzed below. In addition, the sign represents only contraction or extension,
so the absolute values are taken for the following analysis.

For the perfectly elastoplastic model, the whole post-peak process is represented by 2D plastic
flow controlled by σh and σv. In this case, ψ = 0, Nψ = 1, and the following can be derived from
Equation (2): ∣∣∣∆εp

a

∣∣∣ = 0∣∣∣∆εp
v

∣∣∣ = ∣∣∣∆εp
h

∣∣∣ = λ
(7)

According to Equation (7), σa has no effect on the results.
When considering only dilatancy, the whole post-peak process is represented by 2D plastic flow

controlled by σh and σv. In this case, ψ > 0, Nψ > 1, and the following can be derived from Equation (2):∣∣∣∆εp
a

∣∣∣ = 0∣∣∣∆εp
v

∣∣∣ = λNψ >
∣∣∣∆εp

h

∣∣∣ = λ
(8)

A comparison of Equations (8) and (7) shows that ∆εp
v increases when considering dilatancy.

Additionally, σa still has no effect on the results.
When considering only strain softening, the whole post-peak process is represented by 3D plastic

flow controlled by σa, σh and σv. In this case, ψ = 0, Nψ = 1, and the following can be derived from
Equation (6): ∣∣∣∆εp

v

∣∣∣ = ∣∣∣∆εp
a

∣∣∣+ ∣∣∣∆εp
h

∣∣∣ = λ1 + λ2 (9)

According to Equation (9), ∆εp
v increases when considering σa.

When considering both strain softening and dilatancy, the whole post-peak process is represented
by 3D plastic flow controlled by σa, σh and σv. In this case, ψ > 0, Nψ > 1, and the following can be
derived from Equation (6): ∣∣∣∆εp

v

∣∣∣ = (∣∣∣∆εp
a

∣∣∣+ ∣∣∣∆εp
h

∣∣∣)Nψ = (λ1 + λ2)Nψ (10)

A comparison of Equations (10) and (9) shows that ∆εp
v further increases when considering σa.

In addition, when considering both strain softening and dilatancy, the following can be derived
from Equations (4) and (6):

∆γp =
(
1 + Nψ

)
(λ1 + λ2) (11)

Equation (11) indicates that considering σa will increase ∆γp and accelerate the strain
softening process.
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In summary, if σa is σ1 or σ3 at the initial yield of the surrounding rock, σa will control the failure of
the surrounding rock and change the directions of the plastic flow, and the effect of σa will be amplified
by considering strain softening. If σa is σ2, without considering strain softening, σa has no effect on the
results; when considering strain softening, 3D plastic flow may occur, and considering σa will increase
the deformation of the surrounding rock and accelerate the strain softening process. The effect of σa

will be further amplified by considering dilatancy.
However, the above analysis discusses only the plastic principal strain increments of the microunit

at the middle of the roof and does not indicate under what conditions σa will become σ1, σ2 or σ3 at the
initial yield and under what conditions 3D plastic flow will occur. Additionally, the variations in c
and ψ are not considered. A numerical simulation is adopted below to verify the theoretical analysis
results and further analyze.

3. Numerical Simulation

3.1. Constitutive Model Development

FLAC3D includes a built-in strain softening model [32], but the effect of the confining stress on the
dilation angle cannot be considered. The softening parameter is defined as the square root of the second
invariant of the plastic deviatoric strain instead of the plastic shear strain. Material parameters can be
defined by only piecewise linear functions of the softening parameter. Therefore, a new constitutive
model is developed herein with C++ to accurately consider the strain softening and dilatancy of the
surrounding rock.

There have been many strain softening models and dilation angle models presented in
previous studies, but few have presented both strain softening and dilation models at the same time.
Based on the triaxial test data of many sedimentary rocks, Pourhosseini and Shabanimashcool [30]
presented two such models at the same time and pointed out that during the strain softening process,
only the cohesion c degrades, whereas the friction angle ϕ remains constant.

c = c0

(
1−

tanh(100γp)

tanh(10)
+ 0.001

)A

(12)

ψ = ψ0

(
1− tanh(100γp)

tanh(10) + 0.001
)B

ψ0 = C ln
( ϕσc
σ3+0.1

)
−D

(13)

where c0 and ψ0 are the peak cohesion and dilation angle, respectively, σc is the uniaxial compressive
strength, and a, b, A, and B are fitting parameters that depend on the rock type (A = 0.340, B = 0.125,
C = 6.794, and D = 15.308 for mudstone [30]).

According to the variations in the parameters in Equations (12) and (13), combined with the M-C
yield criterion and the nonassociated plastic flow rule, a constitutive model considering both strain
softening and dilatancy is developed. Its function is to calculate all the stress components σi+1

all of
the i+1 cycle using all the stress components σi

all and all the strain increments ∆εall of the i cycle and
update the related material parameters, the M-C yield criterion and the plastic potential function.
The main calculation steps are shown in Figure 5. Firstly, calculate the elastic stress increment guess
∆σe

all (assume that ∆εall is elastic, so it is called guess) by generalized Hooke’s law using ∆εall. Secondly,
calculate the elastic stress guess σe

all as the sum of σi
all and ∆σe

all. Finally, determine whether the material
is yield using σe

all. If the material is yield, σi+1
all will be output after stress correction. If the material is

not yield, σi+1
all will be output directly. The cohesion c is updated by the plastic shear stain γp to achieve

strain softening, then the yield criterion f is updated, which will affect the yield determination and
stress correction. The strain softening and dilatancy switches can both be closed (corresponding to the
perfectly elastoplastic model, identical to the built-in M-C model), both be opened, or be opened any
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one of them. The method described by Itasca Inc. [32] is used to verify the constitutive model, and the
variations in c and ψ are accurately consistent with Equations (12) and (13).
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3.2. Numerical Model and Schemes

To exclude other influencing factors and considering that the vertical in-situ stress is stable and
that the horizontal in-situ stress does not vary considerably [27], the following schemes are adopted:
the excavation depth is set to 1000 m (σv0 = 25 MPa), and the surrounding rock is a homogeneous
mudstone, with c0 = 6.37 MPa andϕ = 25◦ (σc = 20 MPa). The perfectly elastoplastic model, considering
only dilatancy, considering only strain softening and considering both strain softening and dilatancy
are the four investigated conditions, σh0/σv0 = 0.50, 0.75, 1.00, 1.25 and 1.50 are the five investigated
lateral in-situ stress ratios, and σa0/σv0 = 0.5, 0.75, 1.00, 1.25 and 1.50 are the five investigated axial
in-situ stress ratios, for a total of 100 schemes. The Initial command [32] is used to generate the
in-situ stress. The compressive stress is negative in the model, but for the convenience of analysis,
the compressive stress is positive herein. As shown in Figure 6, the cross-section of the rectangular
tunnel is set to 3 m × 3 m (a common cross-section in coal mines [1]), the model thickness is set to 5 m
(although it is a planar problem, the axial plastic flow can be simulated more precisely in this way), the
model boundaries are 30 m away from the excavation boundaries (10 times the tunnel dimension to
reduce the error caused by the artificial boundaries), and all the model boundaries are fixed in the
normal directions (if the artificial boundaries are far enough, the results of displacement boundary
conditions and stress boundary conditions are almost the same, and the former is selected herein). The
model has a total of 41,210 grids and 49,172 nodes, and nearly uniform mesh generation is adopted in
the potential plastic zone to reduce the influence caused by the strain localization problem [33]. When
the current maximum unbalanced force in the model is less than 10-5 times (recommended ratio in the
manual [32]) the maximum unbalanced force just after the excavation, the model is considered to be in
equilibrium. Because the deformation and failure mechanism of the roof, floor and two sidewalls of a
deep tunnel are similar, the roof as taken as an example to analyze the effect of σa0.
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3.3. Analysis of the Roof Subsidence and Plastic Zone Depth

The precision of the maximum plastic zone depth is restricted by the mesh size, so this index is
not adopted, and the following statistical method is used to characterize the plastic zone depth to
improve the precision: the maximum depth d of the plastic zone of the roof and the corresponding grid
number nd are recorded; the roof width w and the corresponding grid number nw are recorded; the total
number n of plastic zone grids within the d × w area is counted; the plastic zone depth is calculated
from d(n/ndnw). The roof subsidence is directly read in FLAC3D. The results are shown in Figures 7–10.

Energies 2020, 13, x FOR PEER REVIEW 8 of 14 

 

adopted in the potential plastic zone to reduce the influence caused by the strain localization problem 
[33]. When the current maximum unbalanced force in the model is less than 10-5 times (recommended 
ratio in the manual [32]) the maximum unbalanced force just after the excavation, the model is 
considered to be in equilibrium. Because the deformation and failure mechanism of the roof, floor 
and two sidewalls of a deep tunnel are similar, the roof as taken as an example to analyze the effect 
of σa0. 

 
Figure 6. Model size and mesh. 

3.3. Analysis of the Roof Subsidence and Plastic Zone Depth 

The precision of the maximum plastic zone depth is restricted by the mesh size, so this index is 
not adopted, and the following statistical method is used to characterize the plastic zone depth to 
improve the precision: the maximum depth d of the plastic zone of the roof and the corresponding 
grid number nd are recorded; the roof width w and the corresponding grid number nw are recorded; 
the total number n of plastic zone grids within the d × w area is counted; the plastic zone depth is 
calculated from d(n/ndnw). The roof subsidence is directly read in FLAC3D. The results are shown in 
Figures 7–10. 

 
(a) 

 
(b) 

Figure 7. Results of the perfectly elastoplastic model: (a) roof plastic zone depth and (b) roof 
subsidence. 

For the perfectly elastoplastic model, when σh0/σv0 ≤ 0.75 and σa0/σv0 > 1.00, the plastic zone depth 
increases rapidly with an increase in σa0, indicating that σa is σ1 at the initial yield and controls the 
failure of the surrounding rock; when σh0/σv0 = 1.50 and σa0/σv0 < 1.00, a decrease in σa0 slightly 
increases the plastic zone depth, indicating that σa is σ3 at the initial yield and also controls the failure, 
which is consistent with the conclusion of Section 2.2. An increase in σa0 slightly increases the roof 

Figure 7. Results of the perfectly elastoplastic model: (a) roof plastic zone depth and (b) roof subsidence.

For the perfectly elastoplastic model, when σh0/σv0 ≤ 0.75 and σa0/σv0 > 1.00, the plastic zone
depth increases rapidly with an increase in σa0, indicating that σa is σ1 at the initial yield and controls
the failure of the surrounding rock; when σh0/σv0 = 1.50 and σa0/σv0 < 1.00, a decrease in σa0 slightly
increases the plastic zone depth, indicating that σa is σ3 at the initial yield and also controls the
failure, which is consistent with the conclusion of Section 2.2. An increase in σa0 slightly increases
the roof subsidence only when σh0/σv0 = 0.5 and σa0/σv0 > 1.00; the other schemes have little effect.
In addition, the plastic zone depths are shallow, and the maximum plastic zone depth is only 1.78 m;
the roof subsidence results are very small, and the maximum roof subsidence is only 2.41 cm, which is
inconsistent with the observed severe failure and large deformation of the surrounding rock of deep
tunnels [2,34].
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Figure 8. Results considering only dilatancy: (a) roof plastic zone depth, and (b) roof subsidence.

When considering only dilatancy, the variations in the plastic zone depth and roof subsidence
are similar to those of the perfectly elastoplastic model, but the effect of σa0 on the roof subsidence is
more obvious, which is consistent with the conclusions of Section 2.2, Figure 4b and Equation (8). In
addition, the plastic zone depths exhibit little change compared with that of the perfectly elastoplastic
model, with a maximum of 1.72 m; the roof subsidence results increase compared with that of the
perfectly elastoplastic model, but the results are still very small, with a maximum of 3.45 cm.
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When considering only strain softening, except for the magnitude of values, the variation in the
plastic zone depth is similar to that under the above two conditions. The effect of σa0 on roof subsidence
is more significant than that under the above two conditions. When σh0/σv0 ≥ 1.00, an increase in σa0

significantly increases the roof subsidence, which is caused by the 3D plastic flow partly controlled by
σa, consistent with the conclusions of Section 2.2, Figure 4c and Equation (9). In addition, the plastic
zone depth and roof subsidence results increase significantly compared with those under the above
two conditions, with maxima of 5.28 m and 16.92 cm, respectively.

When considering both strain softening and dilatancy, except for the magnitude of values, the
variation in the plastic zone depth is similar to those under the above three conditions. The effect of σa0

on roof subsidence is more significant than that considering only strain softening. When σh0/σv0 ≥ 1.00,
an increase in σa0 significantly increases the roof subsidence, and the larger σh0/σv0 and σa0/σv0 are,
the more significant the effect, which is consistent with the conclusions of Section 2.2, Figure 4d and
Equation (10). In addition, the plastic zone depth and roof subsidence results further increase compared
with those considering only strain softening, with maxima of 6.89 m and 42.91 cm, respectively, which
is more consistent with reality [2,34].

3.4. Analysis of the Stress Adjustment Process

To prove the existence of 3D plastic flow and analyze the conditions under which it occurs,
considering the objective post-peak behavior of the surrounding rock, namely, its strain softening and
dilatancy, the stress adjustment process is analyzed via numerical simulation. The principal stresses at
the middle of the roof with a depth of 1.25 m (where the radial strain is large) are monitored. For the
nine schemes where σh0/σv0 = 0.50, 1.00 and 1.50 and σa0/σv0 = 0.50, 1.00 and 1.50, the monitoring results
are shown in Figure 11. Since the criterion of model equilibrium is that the maximum unbalanced force
is less than a specific ratio, the calculation steps are different when each scheme reaches equilibrium
(the nine schemes take 3191–5201 steps to reach equilibrium). The first 1000 steps during which the
principal stresses vary dramatically are selected for analysis. FLAC3D adopts the dynamic relaxation
method [32]. Nodes of a model move under the action of the unbalanced force and are damped in
proportion to the magnitude of the unbalanced force, which dissipates the excess energy and tends to
equilibrate the model. In the elastic stage, the nodes oscillate under the action of the unbalanced force
and damping, which leads to the drastic variations of the strain components of zones of the model, and
then leads to the large wavy patterns of the stress curves of the zones. In the plastic stage, the stresses
of the zones are controlled by the yield criterion, resulting in the stress curves wave only slightly. If the
zone at the measuring point does not yield, as shown in Figure 11a,b, the zone is in the elastic stage
during the whole simulation process, thus the stress curves of the zone wave significantly. The built-in
Fish keyword is adopted to monitor the plastic state of the measuring point. The stress curves are
used to identify the plastic flow regime. If σa = σh > σv, 3D plastic flow occurs, otherwise 2D plastic
flow occurs.
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finding with Figure 10b, it can be seen that the roof subsidence suddenly increases. When σa0 is 
significantly greater than σh0 (1.5 times), according to Figure 11f, σa is σ1 at the initial yield, but σa = σh 
> σv later, resulting in 3D plastic flow, and combining this finding with Figure 10b, it can be seen that 
the roof subsidence further increases. When σa0 is much larger than σh0 (three times), σa is always σ1 
in the yield stage, 3D plastic flow no longer occurs, and the roof subsidence remains small; however, 
according to the field monitoring data of the in-situ stresses and the surrounding rock displacements 
of many deep tunnels [27,34], such an in-situ stress state rarely exists in deep areas. 

4. Verification via Field Monitoring Data 

To exclude other influencing factors, the effect of σa0 on the deep tunnel is analyzed under the 
ideal conditions described above. It is difficult to find the same conditions in reality, but can choose 
a deep tunnel nearly perpendicularly cross a reverse fault, and by comparing the displacements of 
the surrounding rock in the higher axial in-situ stress zone near the reverse fault (the axial in-situ 
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= 0.50, σa0/σv0 = 1.00, (c) σh0/σv0 = 0.50, σa0/σv0 = 1.50, (d) σh0/σv0 = 1.00, σa0/σv0 = 0.50, (e) σh0/σv0 =

1.00, σa0/σv0 = 1.00, (f) σh0/σv0 = 1.00, σa0/σv0 = 1.50, (g) σh0/σv0 = 1.50, σa0/σv0 = 0.50, (h) σh0/σv0 = 1.50,
σa0/σv0 = 1.00, and (i) σh0/σv0 = 1.50, σa0/σv0=1.50.

At the middle of the roof, σv is σr, and σh is σt. According to Figure 11, σa is generally not σ3 at
the initial yield of the surrounding rock. When σa0 is much lower than σh0, σa is always σ2 in the yield
stage, and σa0 has little effect on the results. When σa0 is close to σh0, according to Figure 11e,i, σa is σ2

at the initial yield, but σa = σh > σv (σ1 = σ2 > σ3) later, resulting in 3D plastic flow, and combining
this finding with Figure 10b, it can be seen that the roof subsidence suddenly increases. When σa0 is
significantly greater than σh0 (1.5 times), according to Figure 11f, σa is σ1 at the initial yield, but σa = σh

> σv later, resulting in 3D plastic flow, and combining this finding with Figure 10b, it can be seen that
the roof subsidence further increases. When σa0 is much larger than σh0 (three times), σa is always σ1

in the yield stage, 3D plastic flow no longer occurs, and the roof subsidence remains small; however,
according to the field monitoring data of the in-situ stresses and the surrounding rock displacements
of many deep tunnels [27,34], such an in-situ stress state rarely exists in deep areas.

4. Verification via Field Monitoring Data

To exclude other influencing factors, the effect of σa0 on the deep tunnel is analyzed under the
ideal conditions described above. It is difficult to find the same conditions in reality, but can choose a
deep tunnel nearly perpendicularly cross a reverse fault, and by comparing the displacements of the
surrounding rock in the higher axial in-situ stress zone near the reverse fault (the axial in-situ stress
increases and is higher than the tangential in-situ stress near a reverse fault [35]) with those in the
normal zone far from the reverse fault, the results discussed above can be verified. The excavation
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depth of the 020202 rail gateway of the Qingyun coal mine in Shanxi Province, China, is 780 m, the roof
is a medium-grained sandstone, the floor is a sandy mudstone, and the sidewall is a coal seam. The
gateway is supported by a rock bolting system with a width of 4.5 m and a height of 4.3 m and nearly
perpendicularly crosses a reverse fault with a dip angle of 54.5◦ and a throw of 1.8 m. To avoid the
influence of the fracture zone of the reverse fault, the no. 2 measuring station was located 7 m from the
reverse fault, and the no. 1 and no. 3–5 measuring stations were arranged far away from the reverse
fault at intervals of 30 m. The displacements of the gateway were monitored, and the displacements 60
d after excavation are shown in Figure 12.
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Figure 12. Displacements of the 020202 rail gateway 60 d after excavation.

According to Figure 12, at the no. 2 measuring station in the higher axial in-situ stress zone, the
roof-to-floor convergence is 76.2 cm, and the wall-to-wall convergence is 57.3 cm, significantly larger
than those of 37.0–47.3 cm and 28.1–39.5 cm in the normal zone, respectively. In addition, when the
excavation of the gateway reached the location of the no. 2 measuring station, no abnormality was
found in the surrounding rock, but the failure of the surrounding rock at the no. 2 measuring station
was significantly more severe than that at the no. 1 and no. 3–5 measuring stations 60 d after excavation.
This observation verifies the results above, namely, considering the objective strain softening and
dilatancy, when σa0 is close to or greater than σt0, an increase in σa0 will increase the deformation and
failure of the surrounding rock of a deep tunnel. Therefore, the effect of σa0 and the strain softening
and dilatancy of the surrounding rock should be considered in the deformation prediction and support
design of a deep tunnel.

5. Conclusions

In this study, based on the incremental plastic flow theory, theoretical analysis and numerical
simulation are adopted to analyze the effect of the axial in-situ stress σa0 on the deformation and failure
of the surrounding rock of a deep tunnel considering strain softening and dilatancy, and the results are
verified via field monitoring data. The following conclusions are obtained:

For the perfectly elastoplastic model, only when the axial stress σa is σ1 or σ3 at the initial yield of
the surrounding rock, an increase or decrease in σa0 intensifies the failure of the surrounding rock;
otherwise, σa0 has little effect on the results. When considering only dilatancy, the effect of σa0 is similar
to that of the perfectly elastoplastic model. When considering only strain softening, compared with the
two conditions above, the effect of σa0 is more significant when σa is σ1 or σ3 at the initial yield, and
3D plastic flow partly controlled by σa may occur when σa is σ2 at the initial yield, which leads to σa0

also having a significant effect, such that an increase in σa0 intensifies the deformation and failure of
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the surrounding rock. When considering both strain softening and dilatancy, the effect of σa0 is more
significant than that when considering only strain softening.

When considering both strain softening and dilatancy, σa is generally not σ3 at the initial yield.
When σa0 is much lower than the tangential in-situ stress σt0, σa is always σ2 in the yield stage, and σa0

has little effect on the results. When σa0 is close to σt0, σa is σ2 at the initial yield, but σ1 = σ2 > σ3 later,
resulting in 3D plastic flow along an edge of the yield surface, and an increase in σa0 intensifies the
deformation and failure of the surrounding rock. When σa0 is significantly greater than σt0 (1.5 times),
σa is σ1 at the initial yield, but 3D plastic flow also occurs later, and the deformation and failure of the
surrounding rock will be further intensified when σa0 increases.

A deep tunnel is significantly affected by the in-situ stress, and a large post-peak zone forms in
the surrounding rock. In the deformation prediction and support design of a deep tunnel, the axial
in-situ stress should not be ignored, and the post-peak behavior of the surrounding rock should be
accurately considered.
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