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Abstract: The accurate prediction and evaluation of stress and displacement fields of surrounding
rock is the fundamental premise for the deformation control of soft rock tunnels under high geo-
stress condition. However, due to the complicated mechanical characteristics of soft rock with
confining pressure influence, the current numerical simulation method usually regards the mechanical
parameters of surrounding rock as constant and ignores the variation of these parameters in the
simulation process, which leads to results that cannot accurately reflect the mechanical behavior
of surrounding rock. Therefore, this paper firstly investigates the effect of confining pressure on
deformation and strength parameters for soft rock and proposes corresponding variable models
for mechanical parameters with the confining pressure influence. Secondly, a transversal loop
discriminant update procedure is proposed and introduced into the iteration calculation process
of FLAC3D, thus forming an improved numerical simulation method. This improved method can
integrally consider the mechanical parameter variation of surrounding rock with variable confining
pressure and realize the automatic update for such a parameter with its variable stress state. Finally,
as an application example, an improved expression of longitudinal deformation profile (LDP) for
tunnels considering the confining pressure influence is proposed based on numerous simulation
results for a soft rock tunnel obtained by this proposed method.

Keywords: soft rock tunnel; mechanical parameter; variable model; numerical simulation;
longitudinal deformation profile

1. Introduction

Large deformations in tunnels frequently occur in soft rock strata under high geo-
stress conditions. Large deformations in tunnels easily cause support structure failure
and endanger the safety of construction personnel [1–3]. To effectively address the large
deformation problem of tunnels, there are two fundamental problems to solve in advance:
the confining pressure influence on the soft rock mechanical characteristics and the dis-
placement field prediction and evaluation of surrounding rock considering the confining
pressure influence [4,5]. These two problems are the current research hotspots, which
have significant meaning for the large deformation problem of tunnels [6,7]. Therefore,
numerous scholars have focused on the abovementioned problems and have had many
achievements in recent decades.

Regarding the mechanical characteristic variation of soft rock with confining pressure
influence, the stress–strain curves of soft rock under different confining pressure conditions
are obtained by triaxial experiments, and the confining pressure influence on the mechanical

Appl. Sci. 2023, 13, 7305. https://doi.org/10.3390/app13127305 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app13127305
https://doi.org/10.3390/app13127305
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://doi.org/10.3390/app13127305
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13127305?type=check_update&version=1


Appl. Sci. 2023, 13, 7305 2 of 18

characteristics for soft rock has been investigated, including peak strength, failure pattern,
and stress–strain curve pattern [8–12]. Moreover, a series of strength criteria have been
proposed according to experimental results, such as the generalized Zhang–Zhu strength
criterion (GZZ strength criterion), uniform strength criterion, etc. [10,13,14]. However, most
previous studies only focus on the strength aspect of soft rock but neglect the deformation
aspect. Therefore, the first purpose of this study is investigating the effect of confining
pressure on the strength and deformation of soft rock.

For the displacement field prediction and evaluation of surrounding rock considering
the confining pressure influence, many scholars have proposed many new analytical
solutions to calculate such a field [15–17]. However, there are two defects in these analytical
solutions: (1) the assumptions of the analytical solutions are usually for circular tunnels,
and the initial stress state is a hydrostatic stress state, and (2) the analytical solutions
hardly consider the complex construction process of tunnels, which leads to solutions
that are difficult to apply widely in practical soft rock tunnels. As an alternative, the
numerical simulation method has been widely adopted in all aspects of engineering, with
its advantages of low cost, time saving and repeatability [18,19]. However, for tunnel
engineering, the current conventional numerical simulation method for the displacement
field of surrounding rock usually inputs mechanical parameters prior to calculation, and
these parameters are regarded as constant during the calculation process, which leads the
numerical simulation process not reflecting the confining pressure influence on mechanical
characteristics and leads the numerical simulation results to clearly deviate from the in
situ soft rock tunnel. Therefore, a series of new constitutive models have been established
in numerical simulation methods to describe the confining pressure influence on the
mechanical characteristics of soft rock; these models include the strain-hardening, Mohr-
Coulomb, plastic-hardening, and Hoek–Brown constitutive models [20]. However, these
constitutive models mostly focus on the confining pressure effect on strength aspects but
neglect the deformation aspect. Meanwhile, the parameters of some new constitutive
models are too complex to be generated widely. Therefore, another purpose of this study
is proposing a numerical simulation method which can integrally consider the confining
pressure effect on the strength and deformation aspects of soft rock, so that results of such
a simulation can more realistically reflect the practical displacement field of surrounding
rock for soft rock.

Therefore, this paper first investigates the mechanical parameter variation of soft
rock with variable confining pressure and proposes corresponding variable models for
the mechanical parameters (elasticity modulus (E), Poisson ratio (v), cohesion (c) and
friction angle (ϕ)) of soft rock with variable confining pressure. Second, by combining
variable models for the mechanical parameter of soft rock, the traversal loop discriminant
update procedure is proposed to improve the numerical simulation method. Finally, to
demonstrate the application of the improved numerical simulation method, an improved
expression of the longitudinal deformation profile (LDP) for soft rock is proposed based on
numerous numerical simulation results for soft rock tunnels obtained by this method.

2. Variable Model for Mechanical Parameter of Phyllite with Confining
Pressure Influence
2.1. Variable Model for Elasticity Modulus of Phyllite

According to triaxial experimental results from previous references (the triaxial ex-
perimental information and reference source is listed in Table 1), the elasticity modulus
variation of phyllite with variable confining pressure is shown in Figure 1.
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Table 1. Triaxial experimental result sources for elasticity modulus of phyllite.

Group Lithology Rock Sample Source Confining Pressure/MPa Reference

1 quartz phyllite Liutongzhai tunnel in China 0, 5, 15, 20 Wu, Y., et al. [21]
2 chlorite phyllite Yangjiaping tunnel in China 0, 5, 15, 20 Wu, Y., et al. [21]
3 sericite phyllite Maoxian tunnel in China 0, 5, 15, 20 Wu, Y., et al. [21]
4 quartz phyllite Liutongzhai tunnel in China 0, 5, 15, 20 Wu, Y., et al. [21]
5 carbon phyllite Li county, Sichuan province in China 0, 2, 4, 6, 8 Zhou, Y., et al. [22]
6 carbon phyllite Zhegu mountain tunnel in China 0, 10, 20, 30 Xu, G., et al. [12]
7 sericite phyllite Tugongling tunnel in China 0, 5, 10, 15 Yu, Q. [23]
8 chlorite phyllite Tiancheng tunnel in China 0, 5, 10, 15, 20 Hu, K., et al. [11]

Note: (1) Reference [21] of group 1~4 and 6 provides the stress–strain curve results, and the corresponding
elasticity modulus variations are obtained with the recommended method from the “standard for test methods of
engineering rock mass in China (GB/T 50266-2013)” according to experimental results. (2) References [11,22,23]
of Group 5, 7 and 8 provide directly elasticity modulus variation result. (3) Although groups 1 and 4 are both
from the same rock sample source, the angle between loading direction and bedding angle of the rock sample is
different, so the two groups are regarded as different groups.
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Figure 1. Elasticity modulus variation with the confining pressure influence for phyllite.

As shown in Figure 1, the elasticity modulus (E) gradually increases with increasing
confining pressure (σ3) and does not remain constant. In order to propose the nondi-
mensional variable model to describe the elasticity modulus variation, the dimensionless
process is carried out with the result data. In the nondimensional variable model, the
stress–strength ratio (σ3/σUCS) is regarded as the X-axis, and σUCS is the uniaxial com-
pression strength of rock; E/E0 is regarded as the Y-axis, and E0 is the elasticity modulus
under the 0 MPa confining pressure condition. By the mathematical statistics method, the
nondimensional variable model for the elasticity modulus is proposed in Figure 2, whose
form is a power function. Additionally, in the variable model for the elasticity modulus, AE
and BE are undetermined parameters, which can be obtained by experimental test.
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Figure 2. The nondimensional variable model for elasticity modulus.
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2.2. Variable Model for Poisson Ratio of Phyllite

According to triaxial experimental results from previous references (the triaxial experi-
mental information and reference source is listed in Table 2), the Poisson ratio variation of
phyllite with variable confining pressure is shown in Figure 3.

Table 2. Triaxial experimental result sources for Poisson ratio of phyllite.

Group Lithology Rock Sample Source Confining Pressure/MPa Reference

1 quartz phyllite Liutongzhai tunnel in China 0, 5, 15, 20 Wu, Y., et al. [21]
2 sericite phyllite Maoxian tunnel in China 0, 5, 15, 20 Wu, Y., et al. [21]
3 sericite phyllite Maoxian tunnel in China 0, 5, 15, 20 Wu, Y., et al. [21]
4 chlorite phyllite Yangjiaping tunnel in China 0, 5, 15, 20 Wu, Y., et al. [21]
5 quartz phyllite Liutongzhai tunnel in China 0, 5, 15, 20 Wu, Y., et al. [21]
6 carbon phyllite Yuelongmen tunnel in China 0, 5, 15, 20 Wu, Y., et al. [21]
7 carbon phyllite Yuelongmen tunnel in China 0, 5, 15, 20 Wu, Y., et al. [21]
8 sericite phyllite Tugongling tunnel in China 0, 5, 10, 15 Yu, Q. [23]

Note: (1) Reference [21] of group 1~7 provides the stress–strain curve results, and Poisson ratio variation of group
1~7 is obtained with the recommended method from the “standard for test methods of engineering rock mass in
China (GB/T 50266-2013)” according to experimental results. (2) Reference [23] of group 8 directly provides the
Poisson ratio variation result. (3) Although groups 1 and 5, 2 and 3 and 6 and 7 are from the same rock sample
source, the angle between loading direction and bedding angle of the rock sample is different, so these groups are
regarded as different groups.
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Figure 3. Poisson ratio variation with the confining pressure influence for phyllite.

As shown in Figure 3, the Poisson ratio of soft rock has poor sensitivity to the confining
pressure, and the value of the Poisson ratio under different confining pressure conditions is
basically equal to that with 0 MPa confining pressure. In order to propose the nondimen-
sional variable model to describe the Poisson ratio variation, the dimensionless process is
carried out with the result data. In the nondimensional variable model, the stress–strength
ratio (σ3/σUCS) is regarded as the X-axis, and the Poisson ratio is regarded as the Y-axis.
By the mathematical statistics method, the nondimensional variable model for the Poisson
ratio is proposed in Figure 4, whose form is a constant function. Additionally, in the
variable model for the Poisson ratio, v0 is the undetermined parameters, which equals
the Poisson ratio under the 0 MPa confining pressure condition and can be obtained by
experimental test.
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Figure 4. The nondimensional variable model for Poisson ratio.

2.3. Variable Model for Friction Angle of Phyllite

According to triaxial experimental results from previous references (the triaxial experi-
mental information and reference source is listed in Table 3), the friction angle variation of
phyllite with variable confining pressure is shown in Figure 5.

Table 3. Triaxial experimental result sources for friction angle and cohesion.

Group Lithology Rock Sample Source Confining Pressure/MPa Reference

1 carbon phyllite Chourah dam in India 0, 5, 15, 30, 50 Ramamurthy, T, et al. [24]
2 quartz phyllite Liutongzhai tunnel in China 0, 5, 15, 20 Wu, Y., et al. [21]
3 carbon phyllite Koteshwar dam in India 0, 5, 15, 30, 60 Singh, M., et al. [14]
4 sericite phyllite Maoxian tunnel in China 0, 5, 15, 20 Wu, Y., et al. [21]
5 chlorite phyllite Yangjiaping tunnel in China 0, 5, 15, 20 Wu, Y., et al. [21]
6 sericite phyllite Chourah dam in India 0, 5, 15, 30, 50 Ramamurthy, T, et al. [24]

Note: (1) References [14,21] of group 2~5 provide the peak strength results, and variation results for friction angle
and cohesion of group 2~5 are obtained with the recommended method from the “standard for test methods of
engineering rock mass in China (GB/T 50266-2013)” according to experimental results. (2) Reference [24] of group
1 and 6 directly provides the variation result of friction angle and cohesion.

Figure 5. Friction angle variation with the confining pressure influence for phyllite.

As shown in Figure 5, the friction angle (ϕ) gradually decreases with increasing con-
fining pressure (σ3) and does not remain constant. In order to propose the nondimensional
variable model to describe the friction angle variation, the dimensionless process is carried
out with the result data. In the nondimensional variable model, the stress–strength ratio
(σ3/σUCS) is regarded as the X-axis, ϕ/ϕ0 is regarded as the Y-axis and ϕ0 is the friction
angle under the 0 MPa confining pressure condition. By the mathematical statistics method,
the nondimensional variable model for the friction angle is proposed in Figure 6, whose
form is a logarithmic function. Additionally, in the variable model for the friction angle, Aϕ

and Bϕ are undetermined parameters, which can be obtained by experimental test.
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(𝜎ଷ/𝜎୙ୌ) is regarded as the X-axis, 𝑐/𝑐଴ is regarded as the Y-axis and 𝑐଴ is the cohesion 
under the 0 MPa confining pressure condition. By the mathematical statistics method, the 
nondimensional variable model for cohesion is proposed in Figure 8, whose form is a 
power function. Additionally, in the variable model for cohesion, Ac and Bc are undeter-
mined parameters, which can be obtained by experimental test. 

 
Figure 8. The nondimensional variable model for cohesion. 

  

φ
/ φ

0

3

0

ln( 0.1)
UCS

A Bϕ ϕ
σϕ

ϕ σ
= + +

σ3 / σUCS

0

10

20

30

0 20 40 60

c =9.29 (σ3+1) 0.24

R2=93.36%

0

10

20

30

0 5 10 15 20 25

c =4.28 (σ3+1) 0.49

R2=98.77%

0

10

20

30

40

0 25 50 75

c
/ M

Pa

c =5.63(σ3+1) 0.4

R2=94.55%

0

2

4

6

5 10 15 20 25

c =1.15(σ3+1) 0.42

R2=97.54%

0

10

20

30

0 20 40 60

c =5.6(σ3+1) 0.34

R2=93.18%

0

20

40

60

0 10 20 30 40

c =19.43(σ3+1) 0.21

R2=95.17%

Phyllite group-1 Phyllite group-2 Phyllite group-3

Phyllite group-4 Phyllite group-5 Phyllite group-6

σ3 / MPa

c
/ M

Pa

σ3 / MPa

c
/ M

Pa

σ3 / MPa

c
/ M

Pa

σ3 / MPa

c
/ M

Pa

σ3 / MPa

c
/ M

Pa

σ3 / MPa

3

0

( 0.1) cB
c

UCS

c A
c

σ
σ

= +c
/ c

0

σ3 / σUCS

Figure 6. The nondimensional variable model for friction angle.

2.4. Variable Model for Cohesion of Phyllite

According to triaxial experimental results from previous references (the triaxial ex-
perimental information and reference source is listed in Table 3), the cohesion variation of
phyllite with variable confining pressure is shown in Figure 7.
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Figure 7. Cohesion variation with the confining pressure influence for phyllite.

As shown in Figure 7, the cohesion gradually increases with increasing confining
pressure and does not remain constant. In order to propose the nondimensional variable
model to describe the friction angle variation, the dimensionless process is carried out with
the result data. In the nondimensional variable model, the stress–strength ratio (σ3/σUCS) is
regarded as the X-axis, c/c0 is regarded as the Y-axis and c0 is the cohesion under the 0 MPa
confining pressure condition. By the mathematical statistics method, the nondimensional
variable model for cohesion is proposed in Figure 8, whose form is a power function.
Additionally, in the variable model for cohesion, Ac and Bc are undetermined parameters,
which can be obtained by experimental test.
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3. Numerical Simulation Method of FLAC3D Considering Mechanical Characteristic
Variation of Soft Rock with Confining Pressure Influence

After tunnel excavation, according to the secondary stress state of the surrounding
rock and the mechanical characteristic variations for soft rock, the mechanical parameters
of the surrounding rock vary with the variable radial stress in Figure 9a.
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Figure 9. (a) Mechanical parameter variation of surrounding rock and (b) elasticity modulus contour
from the conventional numerical simulation method of FLAC3D.

However, the conventional numerical simulation method of FLAC3D for tunnel ex-
cavation usually inputs the parameters of the surrounding rock prior to calculation, and
such parameters are regarded as constant during the calculation process, which leads the
conventional numerical simulation method to ignore the confining pressure influence on
the mechanical characteristics of the surrounding rock in Figure 9b and leads the numerical
simulation result to deviate greatly from the practical soft rock tunnel.

Therefore, to realize the numerical simulation method of FLAC3D to integrally consider
the confining pressure influence on the mechanical characteristics of surrounding rock,
this paper proposes the traversal loop discriminant update procedure with the FISH
language and improves the numerical simulation method of FLAC3D by this procedure;
this can realize the automatic update for mechanical parameters of surrounding rock
according to its stress state. The numerical simulation method of FLAC3D considering the
mechanical characteristic variations of soft rock with the confining pressure influence is
shown in Figure 10.
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Figure 10. Numerical simulation method of FLAC3D considering the mechanical characteristic
variations of soft rock with confining pressure influence.

3.1. Improved Iteration Calculation Process of FLAC3D

To make all zones representing the surrounding rock automatically update their
mechanical parameters according to their stress state in the calculation process of FLAC3D,
this paper proposes the traversal loop discriminant update procedure with the FISH
language and zone functions of FLAC3D.

The implementation process of the traversal loop discriminant update procedure is
described as follows:
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Taking the m step of the iteration calculation of FLAC3D as an example, the implemen-
tation process of the traversal loop discriminant update procedure is shown in Figure 11.
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Figure 11. Traversal loop discriminant update procedure.

At step m of the iteration calculation of FLAC3D, it is first judged whether the it-
eration calculation process converges with the convergence criterion of the maximum
unbalance force ratio of the system through the FISH language (loop while) and zone func-
tion (zone.mech.ratio). If the calculation process converges, the traversal loop discriminant
update procedure immediately terminates, if not, proceed to step 1 of the traversal loop
discriminant update procedure.

(1) Step 1: Setting the traversal loop environment. Setting the traversal loop environ-
ment for all zones of the finite element model through the FISH language (loop) and zone
function (zone.head, zone.next(zone_int)). In the traversal loop environment, from the first
zone to the last zone, execute step 2~step 6.

(2) Step 2: Extracting stress and location information of zone i. The stress component and
barycentric coordinate for zone i are extracted with zone functions (zone.stress(zone_pnt,int,int),
zone.pos(zone_pnt,int)) in the finite element model and stored in computer memory.

(3) Step 3: Calculating radial and tangential stresses of zone i. Firstly, according to the
relationship between the tunnel center and the barycentric coordinate of zone i, the overall
coordinate system can be transformed into the polar coordinate system. Secondly, in the
polar coordinate system, the radial and tangential stresses of zone i can be calculated by all
stress components of zone i obtained from Step 1 with the following equations, which are
introduced into FLAC3D through the FISH language.

(4) Step 4: Calculating the update mechanical parameters of zone i. Firstly, through
the FISH language, variable models for mechanical parameters of soft rock with confining
pressure influence are introduced into FLAC3D. Secondly, the radial and tangential stresses
of zone i are substituted for the variable models, in which tangential stress is the first
principal stress and radial stress is the third principal stress. Then, the updated mechanical
parameters of zone i can be obtained and stored in computer memory.

(5) Step 5: Discriminating the constitutive model of zone i. Firstly, the constitutive
model information can be extracted with the zone function (zone.model(zone_pnt)). Sec-
ondly, through the FISH language, discriminate the constitutive model of zone i. If its
constitutive model represents the surrounding rock, then its mechanical parameters for
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zone i are updated with the updated mechanical parameters from step 3 through the zone
command (zone property), if not, no mechanical parameters of zone i are updated.

(6) Step 6: Executing step 2~step 5 for the next zone (i + 1). Until all zones of the finite
element model are executing step 2~step 5, exiting of the traversal loop environment and
traversal loop discriminant update procedure is completed.

After the traversal loop discriminant update procedure is completed, step 1 of the itera-
tive calculation of FLAC3D is executed. Then, at the (m + 1) step of the iteration calculation
of FLAC3D, repeat the above convergence judgment and traversal loop discriminant update
procedure until the iteration calculation of FLAC3D converges.

3.2. Verification Example

To validate the improved numerical simulation method reasonably and accurately,
this paper carries out two verification examples (an experimental example and a tunnel
engineering example). In the experimental example, the stress–strain curve of the rock
specimen obtained by the proposed simulation method is compared with the experimental
result to validate that the proposed simulation method can simulate the mechanical behav-
ior of soft rock at the rock specimen scale. In the tunnel engineering example, the stress and
displacement fields of the surrounding rock around the tunnel obtained by the improved
numerical simulation method are compared with the results of the elastoplastic solution to
validate that the improved numerical simulation method can be applied in the mechanical
behavior analysis of surrounding rock at the tunnel engineering scale.

3.2.1. Experimental Example

In the experimental example, the stress–strain curve of carbon phyllite under 20 MPa
confining pressure conditions was obtained from the triaxial compression experimental
test [21]. Based on the triaxial compression experimental results, variable models for the
mechanical parameters of phyllite are established and listed in Table 4. In the numerical
simulation, the cylindrical rock specimen model is generated, and the sizes of the model
and element are shown in Figure 12.

Table 4. Variable models for mechanical parameters of rock specimen.

Mechanical Parameter Variable Model Fitting Result

elasticity Modulus (E) E/E0 = 8.45(σ3/σUCS + 0.1)0.92 94.14%
Poisson ratio (v) v = 0.31 95.82%

cohesion (c) c/c0 = 1.93(σ3/σUCS + 1)0.27 92.66%
friction angle (ϕ) ϕ/ϕ0 = −0.11 ln(σ3/σUCS + 0.1) + 0.78 97.93%

Note: σ3 is the third principal stress, and its unit is MPa, σUCS is 18.4 MPa, E0 is 2.44 GPa, c0 is 3.75 MPa and ϕ0 is 46◦.

Taking the triaxial compression experimental test of the phyllite rock specimen under
the 20 MPa confining pressure condition as an example, it carries out the triaxial compres-
sion experimental test by the proposed simulation method. In numerical simulation, the
stress–strain curve of the rock specimen model in the prepeak stage is obtained due to the
Mohr–Coulomb constitutive model of the element. The comparison results between the ex-
perimental test and numerical simulation are shown in Figure 12. At the end of the triaxial
compression experiment in numerical simulation (the maximum strain of the rock specimen
model is equal to that of the experimental test), the mechanical parameter comparison
results between the experimental test and numerical simulation are listed in Table 5.

As shown in Figure 12 and Table 5, the stress–strain curve of the rock specimen model is
generally in good agreement with that of the experimental test. The mechanical parameters
of the rock specimen model are also highly consistent with those of the experimental
test. Although there are errors between the experimental test and numerical simulation,
these errors are small and are acceptable. The reason for the errors is that the Mohr–
Coulomb constitutive model of the element cannot simulate the actual yield phase of the
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stress–strain curve in the experimental test. Therefore, the experimental example validates
that the improved numerical simulation method is accurate and reasonable at the rock
specimen scale.
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Figure 12. Stress–strain curves of the rock specimen from the experiment test and numerical simulation.

Table 5. Mechanical parameter of the rock specimen from the experimental test and
numerical simulation.

Parameter Experiment Simulation Error

elasticity modulus/GPa 25.52 24.09 5.6%
Poisson ratio 0.33 0.31 6.06%

cohesion/MPa 7.6 7.43 2.24%
friction angle/◦ 33 33.24 0.73%

peak strength/MPa 90.98 95.15 4.58%

3.2.2. Tunnel Engineering Example

To validate the accuracy of the improved numerical simulation method at the tunnel
engineering scale, the stress and displacement fields of surrounding rock by the proposed
numerical simulation method are compared with the elastoplastic solution from results [25].
To save the computing time and memory of FLAC3D, only the elasticity modulus variation
of the surrounding rock in the tunnel engineering example is considered. The parameters
for the tunnel and surrounding rock of the tunnel engineering are listed in Table 6.

Table 6. Parameters for the tunnel and surrounding rock of the tunnel engineering example.

Parameter Value

tunnel radius/m 3
constitutive model Mohr–Coulomb model

friction angle/◦ 30
Poisson ratio 0.249

cohesion/MPa 2
elasticity modulus/GPa E = 0.2σr + 5

initial pressure/MPa 25
supporting force/kPa 0

Note: σr is radial stress, and its unit is MPa.

Moreover, because tunnels are circular and axisymmetric structures, a quarter-finite
element model is established as shown in Figure 13. The dimensions of the finite element
model in the cylindrical coordinate system are 45 m in the radius (r) direction, 90◦ in angle
(θ) direction and 1 m in Z-axis direction. The left and bottom boundaries of the model are
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the fixed boundary, and the outer circular boundary of the model is the stress boundary
with initial pressure. All elements of the finite element model can be divided into two
groups: the tunnel group (blue element) and the surrounding rock group (green element).
In the surrounding rock group, the size of each element is shown in Figure 13. In the tunnel
group, the size of each element in the angle (θ) direction and Z-axis direction are the same
as the elements of the surrounding rock group. For the size of each element in the radius
direction, the “tunnel” group is divided into 50 parts, the size of the element is amplified in
equal proportion with a ratio of 1.05 and the radial size of the outer element in the tunnel
group is 0.15 m. Additionally the “surrounding rock” group is divided into 90 parts in the
radial direction; the size of the element is 0.46 m.
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The comparison results between the two methods are shown in Figure 11. In Figure 14a,
the plastic zone radius and displacement around the tunnel from the simulation are both
in good agreement with those of the elastoplastic solution, and the error between the two
methods is small. As shown in Figure 14b, the stress distribution trend of surrounding rock
from the simulation is highly consistent with that of the analytical solution, and the radial
and tangential stresses of surrounding rock from the numerical simulation method are
basically equal to those of the analytical solution at the same radial distance. In Figure 14c,
the elasticity modulus of the surrounding rock increases with increasing radial stress, which
means that the proposed numerical simulation method can realize the automatic update
process of the mechanical parameters for surrounding rock according to its stress state.
Moreover, as shown in Figure 14d, the fitting expression of the elasticity modulus variation
with variable radial stress from the numerical simulation result equals the factored-in
variable model for the elasticity modulus before the calculation begins.

Therefore, the abovementioned comparison results validate that the improved numer-
ical simulation method is reasonable and accurate at the tunnel engineering scale and can
be applied in the mechanical behavior analysis of surrounding rock around tunnel.

Moreover, to compare the computational efficiency between the improved and con-
ventional numerical simulation methods, the computational efficiency results between the
improved and conventional numerical simulation methods are listed in Table 7.

As shown in Table 7, compared with the conventional simulation method, the calcula-
tion step and time of the improved method increase, and the computational efficiency is
indeed reduced to a certain extent. The main reason for computational efficiency reduction
is the mechanical parameter update process of the element representing surrounding rock
in the calculation. However, compared with the inaccurate results obtained by the conven-
tional method, the reduced computational efficiency of the improved method is acceptable.
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Figure 14. Comparison results between two methods: (a) plastic zone radius and displacement
around the tunnel of surrounding rock, (b) stress distribution of surrounding rock, (c) elasticity
modulus contour and (d) elasticity modulus variation with variable radial stress.

Table 7. Computational efficiency of improved and conventional numerical simulation methods.

Numerical Simulation Method Calculation Step Duration Accuracy

improved method 23,623 15 min 14 s 1 × 10−5

conventional method 17,742 9 min 30 s 1 × 10−5

3.3. Comparison Example

To compare the stress and displacement field result around the tunnel with the in-
fluence of the confining pressure (by proposed simulation method) and without the in-
fluence of the confining pressure (by conventional simulation method), the stress field
distribution and displacement around the tunnel with different initial pressure conditions
(5 MPa, 15 MPa, 25 MPa and 35 MPa) are obtained. Stress and displacement fields of sur-
rounding rock with confining pressure influence are obtained by the proposed numerical
simulation method with variable models for mechanical parameters of soft rock, and stress
and displacement fields around tunnels without confining pressure influence are obtained
by the conventional simulation method with the mechanical parameter of surrounding
rock under the 0 MPa confining pressure condition.

In the comparison example, the tunnel radius is 3 m, the supporting force is 0 kPa
and the variable models for the mechanical parameters of soft rock from the experimental
results of the Muzhailing tunnel [26] are listed in Table 8. The finite element model
and size of the element in the comparison example are the same as those of the tunnel
engineering example.
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Table 8. Mechanical parameter of surrounding rock in the comparison example.

Parameter With the Confining Pressure Influence Without the Confining Pressure Influence

elasticity Modulus © E/E0 = 2.79(σ3/σUCS + 0.1)0.42 2.51 GPa
Poisson ratio (v) 0.33 0.33
friction angle (ϕ) ϕ/ϕ0 = −0.081 ln(σ3/σUCS + 0.1) + 0.8 31.17◦

cohesi©(c) c/c0 = 2.24(σ3/σUCS + 1)0.33 0.34 MPa

Note: σ3 is the third principal stress, and its unit is MPa, σUCS is 23.6 MPa, E0 is 2.51 GPa, c0 is 0.34 MPa and ϕ0
is 31.17◦.

The stress and displacement field around the tunnel comparison results with and
without confining pressure influence under different initial pressure conditions are shown
in Figure 15.
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Figure 15. Stress and displacement fields around the tunnel comparison result with and without the
confining pressure influence: (a) displacement of surrounding rock around tunnel, (b) plastic zone
radius of surrounding rock, (c) stress field distribution around the tunnel with 5 MPa initial pressure
and (d) stress field distribution around the tunnel with 25 MPa initial pressure.

In Figure 15a,b, the displacement around the tunnel and the plastic zone radius of
the surrounding rock with the confining pressure influence are basically consistent with
those without the confining pressure influence under the lower initial pressure condition.
However, the influence of the confining pressure on the mechanical characteristics is
more prominent, and the difference between the two conditions is more obvious for the
displacement around tunnel and plastic zone radius of the surrounding rock with increasing
initial pressure.

The main reason for the abovementioned phenomenon is the strengthening effect of
the confining pressure on the surrounding rock, and this effect of the confining pressure is
increasingly significant with increasing initial pressure. Therefore, after soft rock tunnel
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excavation under high geo-stress conditions, due to the strengthening effect of the confin-
ing pressure on the surrounding rock, the practical displacement around the tunnel and
the plastic zone radius of the surrounding rock are smaller than those obtained by the
conventional method (without the confining pressure influence). Similarly, as shown in
Figure 15c,d, due to the strengthening effect of the confining pressure on the surrounding
rock, the stress level of the surrounding rock with the confining pressure influence is higher,
and the disturbance range is smaller than those without the confining pressure influence.

Therefore, the abovementioned comparison results prove that the improved numer-
ical simulation method can perfectly reflect the influence of the confining pressure on
surrounding rock and that the simulation results are more consistent with practical soft
rock tunnels.

4. Improved Expression of Longitudinal Deformation Profile (LDP) for Soft
Rock Tunnel

To demonstrate the application of the improved numerical simulation method, an
improved expression of the longitudinal deformation profile (LDP) for soft rock tunnels
considering confining pressure influence is proposed according to many numerical simula-
tion results for soft rock tunnels obtained by the improved numerical simulation method.
Therefore, this section first obtains many longitudinal deformation profile (LDP) results
for soft rock tunnels with different initial pressure conditions by an improved numerical
simulation method. Furthermore, an improved expression of the LDP is proposed by a
mathematical fitting method based on many numerical simulation results of the LDP under
different pressure conditions.

Longitudinal deformation profiles for soft rock tunnels under 1~20 MPa initial pres-
sure conditions (interval of condition is 1 MPa) are obtained by an improved numerical
simulation method. The tunnel radius is 3 m, the supporting force is 0 kPa, the exca-
vation footage is 0.5 m and the constitutive model of the surrounding rock element is
the Mohr–Coulomb model. Variable models for the mechanical parameters of surrounding
rock are listed in Table 8.

Because tunnels are circular and axisymmetric structures, a quarter numerical finite
element model is established as shown in Figure 16a. The left and bottom boundaries of the
model are fixed boundaries, and the outer surface of the model is the stress boundary with
the value of the initial pressure. Meanwhile, the longitudinal deformation profile (LDP) of
the surrounding rock is represented by the normalized release coefficient of displacement
and the normalized distance from the tunnel face [27,28], as shown in Figure 16b.
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Figure 16. (a) Finite element model and (b) normalized longitudinal deformation profile
of surrounding rock.



Appl. Sci. 2023, 13, 7305 15 of 18

Figure 17 shows the numerical simulation results of the LDP under 1~20 MPa initial
pressure conditions. For a better display, the complete LDP is divided into two parts, with
the tunnel face as the discontinuity point: (a) LDP in front of the tunnel face and (b) LDP
behind the tunnel face.
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Figure 17. Numerical simulation results of the LDP with different initial pressure conditions: (a) LDP
in front of tunnel face and (b) LDP behind tunnel face.

According to the influence analysis of multiple factors on the LDP from previous
scholars [28,29], the initial pressure, tunnel radius and mechanical parameters of surround-
ing rock all have a significant influence on the LDP; however, the mechanical parameters of
surrounding rock for soft rock tunnels are variable, resulting in the mechanical parameters
of surrounding rock not acting as independent variables to fit the expression of the LDP.
Therefore, R* is introduced into the improved expression of the LDP and R* = Rmax/r0
(Rmax is the maximum plastic zone radius of surrounding rock without support, and r0 is the
tunnel radius). R* can implicitly reflect the comprehensive effect of the initial pressure, me-
chanical parameters of surrounding rock and tunnel radius [28]. The Levenberg-Marquardt
and universal global optimization methods are applied in the fitting process for the expres-
sion of the LDP for soft rock tunnels. The improved expressions of the LDP for soft rock
tunnels are listed in Table 9.

Table 9. Improved expression of the LDP for soft rock tunnels considering confining
pressure influence.

Region Expression Fitting Result

in front of tunnel face (x < 0) u∗(x) = 1.12 exp
(

1.94 x∗

R∗

)
u∗

0 R2 = 93.95%

tunnel face (x = 0) u∗
0 = 25.98(R∗)−0.66 R2 = 98.38%

behind tunnel face (x > 0) u∗(x) =
[
1 −

(
1.14 − 2.45u∗

0 ∗ 10−2) exp(−0.2x∗)
]
∗ 100% R2 = 98.24%

Where u∗
0 = u(x = 0)/umax, R∗ = Rmax/r0, x∗ = x/r0, x is the longitudinal distance

from the tunnel face, r0 is the tunnel radius, u is the displacement around the tunnel
at x distance from the tunnel face and Rmax is the maximum plastic zone radius of the
surrounding rock without support.

5. Conclusions

This paper firstly investigates the mechanical characteristic variation of soft rock with
variable confining pressure and establishes the corresponding variable models for mechani-
cal parameters of soft rock. Secondly, an improved numerical simulation method including
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these variable models is proposed to solve this current defect of the conventional simula-
tion method, which cannot consider the confining pressure influence on the mechanical
parameters of soft rock during the calculation process. Finally, for exhibiting the application
of the improved numerical simulation method, an improved expression of the LDP for soft
rock tunnels considering confining pressure influence is proposed. The conclusions can be
summarized as follows:

1. Mechanical parameter variation of soft rock with variable confining pressure is inves-
tigated by triaxial experiments. The experimental results indicate that with increasing
confining pressure, the elasticity modulus and cohesion obviously increase, and the
friction angle gradually decreases, but the Poisson ratio remains basically constant.
Furthermore, variable models for mechanical parameters (E, v, c and ϕ) are established
with confining pressure influence.

2. A transversal loop discriminant update procedure including variable models for the
mechanical parameters of soft rock is proposed with the FISH language and intro-
duced into the iteration calculation process of FLAC3D, thus forming an improved
numerical simulation method for soft rock tunnels. The improved simulation method
can integrally consider the mechanical parameter variation of surrounding rock with
variable confining pressure and realize the automatic update for the mechanical
parameter of surrounding rock with its variable stress state during the calculation
process. Moreover, the improved numerical simulation method is validated as accu-
rate and correct with the experiment and elastoplastic results, and the comparison
results between the improved and conventional simulation methods indicate that the
results of the improved simulation method are more consistent with practical soft
rock tunnel engineering.

3. As an application example for the improved simulation method, based on many
displacement field results of surrounding rock obtained by the improved simulation
method, an improved expression of the LDP for soft rock tunnels is proposed, which
can consider the comprehensive influence of multiple factors, including the initial
pressure, tunnel radius and mechanical parameter variation of surrounding rock.

In this study, we investigated the mechanical characteristic variation of phyllite with
confining pressure influence and established variable models; meanwhile, a numerical
simulation method for tunnel excavation, which can consider this variation of surrounding
rock, was proposed. In reality, natural phyllite is the joint rock, and its mechanical charac-
teristic variations are affected by joint and confining pressure; however, this paper only
considers the confining pressure influence. In future research, the effect of joints on the
mechanical characteristics of phyllite can be further studied, and the numerical simulation
method can be further improved, which can consider the comprehensive influence of joints
and confining pressure on the mechanical characteristic of phyllite.
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