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There are great difficulties in tunnel construction. In order to improve the effect and safety of tunnel construction,
this paper establishes the basic method of rock elasto-viscoplastic constitutive model. On the basis of drawing
lessons from the under-load surface model of over-consolidated soil, according to the idea of relative over-stress,
with the lower load surface adjusted to the rock as the reference yield surface, an elastic-viscoplastic constitutive
model that can characterize the characteristics of rock softening time-dependent deformation is established.
Moreover, this paper uses the newly established elastic viscoplastic model to calculate and simulate the rate
sensitivity test results of quartz sandstone and argillaceous sand-stone respectively. In addition, this paper
combines the actual needs of tunnel construction to conduct a simulation analysis of the tunnel construction
process, and statistics related data to analyze the reliability of the method, and analyze the satisfaction of the
method proposed in this paper. The research results show that the model constructed in this paper has certain
practical effects and can provide theoretical references for related research.

Keywords: Constitutive model, Tunnel construction, Simulation analysis, Machine learning
© The Author(’s). This is an open access article distributed under the terms of the Creative Commons Attribution License (CC
BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and

source are cited.

http:/ /dx.doi.org/10.6180/jase.202110_24(5).0015

1. Introduction

Although our country’s tunnels have made considerable
progress in the design and construction of tunnels, and
have improved the safety and reliability of tunnel construc-
tion to a higher level, there is still a considerable gap in
the long-term stability, safety and reliability of the tunnel
surrounding rock and supporting structure compared with
developed countries. As academician Wang Mengshu pro-
posed, the safety and reliability assessment of highway
tunnels should be strengthened. In the process of tunnel
excavation, the instability of the surrounding rock is mainly
due to the stress caused by the excavation being greater
than the strength of the surrounding pressure to cause
excessive deformation of the surrounding rock. From a
mechanical point of view, when the stress of the surround-
ing rock is equal to or exceeds the strength of the rock, a
plastic zone will be formed in the rock mass, and the defor-

mation of the plastic zone will extend to the crack surface,
which leads to damage and destruction of the rock mass
and excessive deformation of the surrounding rock [1].

After the tunnel excavation is completed, the creep phe-
nomenon of the surrounding rock is the main factor leading
to the deformation of the rock mass. The reason is that after
the initial support and the secondary lining are constructed,
the creep deformation of the surrounding rock is restricted.
According to the interaction of forces, the primary support
and the secondary lining will be subjected to the load gen-
erated by the creep of the surrounding rock. When the load
stress on the secondary lining is greater than its ultimate
strength, the surrounding rock will deform and the lining
will be destroyed.

However, in the current tunnel design, the deformation
of the secondary lining is generally only considered in the
elastic range, and the influence of creep on the secondary
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lining is ignored. This hypothesis cannot effectively explain
the nature of the tunnel support system damage. There-
fore, creep is a non-negligible factor in the study of tunnel
stability [2].

At present, the main method for studying rock creep is
indoor rock creep test. The reason is that the indoor creep
test can strictly control the conditions, exclude secondary
factors, and can be repeated many times for long-term ob-
servation. Usually, the rock creep model can be established
by the rock creep test data, and the test parameters can also
be provided for the application of the creep model in rock
engineering.

However, the test results of the indoor rock test are
limited by factors such as sample size, test technology
level, etc., and cannot reflect the actual project conditions
well. For example, natural geology contains defects such as
joints, cracks and faults, and indoor rock samples will be
specially processed into "complete rock samples" (rock sam-
ples without visible cracks). As a heterogeneous material,
the size of the rock has a greater impact on the mechanical
properties of the rock, so the mechanical properties of a cer-
tain size of rock often cannot be directly applied in geotech-
nical engineering. At the same time, the construction of
geotechnical engineering is often a complicated loading
and unloading process, which is different from the simple
stress loading and unloading process in the indoor rock test.
Therefore, obtaining rock mechanical parameters based on
on-site monitoring in-formation (such as monitoring dis-
placement, stress) through the use of reverse thinking and
reverse analysis is an effective solution to solve the diffi-
culty of indoor test results in practical rock engineering
[3].

This study establishes an elasto-viscoplastic constitutive
model that can consider time effects and can be used to
simulate the strain softening characteristics of rock mass.
Moreover, this paper carries out a numerical simulation of
actual engineering, which has great practical significance
and application value for understanding the mechanical
behavior of rock and predicting the failure law of rock
engineering.

2. Related work

At present, commonly used rock creep constitutive mod-
els are combinations of linear elements, which cannot de-
scribe the nonlinear creep characteristics of rocks. There-
fore, many scholars have discussed and put forward some
nonlinear rheological models and put forward some effec-
tive methods for the description of accelerated creep stage
[4].

The literature [5] proposed a nonlinear creep model,

which uses a stress-triggered Hooke body to describe the
instantaneous plastic strain and a strain-triggered nonlin-
ear viscous dashpot element to describe the third stage
of accelerated creep. The literature [6] replaced the lin-
ear viscous dashpots in the traditional Nishihara model
with nonlinear viscous dashpots. The stress on the viscous
damping is proportional to its acceleration. Moreover, it
established a nonlinear creep constitutive equation and
verified that it can describe the rheological properties of
salt rock well. The literature [7] introduced a new nonlin-
ear viscous damper, and combined it with the traditional
model describing deceleration and constant velocity creep
to establish a composite mechanical model, which can si-
multaneously describe three kinds of creep deformation.

The literature [8] used the Nishihara model to describe
the non-attenuating creep of soft rock and corrected the
viscosity coefficient to nonlinearity. The literature [9] pro-
posed two nonlinear elements, creep body and cracked
plastic body. Moreover, it combines them with the Kelvin
form describing the attenuation creep characteristics and
the Hooke form describing the instantaneous elasticity to
establish a new com-pound rheological model that can
describe soft rock.

The literature [10] used non-Newtonian viscous ele-
ments to form an improved Nishihara Masao model with
five elements, and discussed the time-dependent creep
equation of soft rock. Based on the improved Nishihara
Masao model, the literature [11] established a parametric
nonlinear creep model by using the corresponding relation-
ship between the rock’s entire stress-strain curve and the
parameters in the creep equation. The literature [12] pro-
posed a nonlinear viscoplastic NVPB and a five-element
linear viscoelastic rheological model to reflect the acceler-
ated creep characteristics of rock in series. The literature
[13] proposed a software component based on the theory
of fractional calculus. It can describe materials between
ideal solids and fluids, and can effectively describe the
rheological constitutive characteristics of rock and soil in
series and parallel with spring elements, and has a simple
structure and few parameters. The disadvantage is that the
accelerated creep characteristics of rock and soil cannot be
described.

The literature [14] proposed a strain-triggered nonlinear
viscous element, which can better describe the accelerated
creep of rock. The above research ideas are mainly to use
nonlinear rheological elements to re-place linear rheologi-
cal elements, or to use series nonlinear elements to form a
nonlinear rheological model of rock. This method is flexible
and simple, and is widely used. The disadvantage is that
in the process of re-placing and connecting components
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in series, the parameters of the model increase more, and
the physical meaning of multiple parameters is not clear
enough.

The literature [15] used fractional derivatives to describe
the dynamic frequency response of viscoelastic bodies. The
literature [16] proposed a fractional derivative model for
viscoelastic materials, and used numerical analysis and
graphical fitting methods to determine the rheological pa-
rameters of the model. The literature [17] used the time-
dependent fractional calculus model to describe the vis-
coelastic creep and stress relaxation of materials. The lit-
erature [18] unified the theory of fractional calculus with
the classical model to propose a new model. The model
has few parameters and the physical concept of the pa-
rameters is clear. The literature [19] proposed soft-ware
components based on the theory of fractional calculus. The
literature [20] used the theory of fractional calculus to study
the rheological constitutive of salt rock, and adopted a di-
mensionless treatment for the model. The literature [21]
replaced the Newtonian dashpot in the Nishihara model
with the Abel dashpot based on the fractional calculus the-
ory, and combined the results of the indoor shear creep test
to in-verse the parameters in the model. The literature [22]
replaced the Newtonian dashpot and viscoplastic body in
the Nishihara model with Abel dashpot and NVPB models.
The literature [23] used a software component based on
the theory of fractional calculus to replace the Newtonian
viscous components in the traditional Nishihara model,
and used simplified SN components and damage variables
considering stress and time to further improve the viscous
co-efficient of the software components.

3. Application of constitutive model in tunnel con-
struction simulation analysis

In order to evaluate the influence of the lateral pressure
coefficient and azimuth angle on the failure mode formed
by the excavation of the phyllite circular tunnel, the value
of the in-situ stress level under each group of working
conditions was deter-mined through trial calculation.

The basic principle of the value is to fully expose the
plastic failure characteristics of the rock mass within a cer-
tain range of the surrounding rock tunnel under the corre-
sponding conditions due to the pressure release caused by
excavation. The specific working conditions and stress val-
ues are shown in Table 1. From the distribution of working
conditions in Table 1, it can be seen that the stress levels
under different horizontal-vertical ground stress ratios and
joint inclination angles are quite different, and it is diffi-
cult to make quantitative horizontal comparisons in the
analysis. Therefore, the analysis in this paper focuses on

comparing the distribution characteristics of surrounding

rock mechanics indexes.
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Fig. 1. Statistical diagram for calculation of working con-

ditions of tunnel excavation.

Because the confining pressure failure mode and dis-
placement distribution chara-teristics are quite different
under different working conditions, in order to facilitate
analysis, the relative positional relationship between the
initial stress state, joint plane direction and surrounding
rock is specified and explained, as shown in Fig. 2.
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rounding rock.

After the tunnel is excavated, the maximum principal
compressive stress (minimum principal stress) of the sur-
rounding rock represents the stress concentration caused



794 Yuanxin Cao et al.

Table 1. Statistical table for calculation of working conditions of tunnel excavation.

Serial number | Azimuth | Side pressure coefficient | Horizontal ground stress (MPa) | Vertical ground stress (Mpa)
1 0 0.22 8.8 44
2 0 0.44 26.4 66
3 0 0.66 429 71.5
4 0 0.88 57.2 71.5
5 0 1.1 66 66
6 1 0.22 2.31 11.55
7 1 0.44 5.61 20.46
8 1 0.66 16.5 27.5
9 1 0.88 66 82.5
10 1 1.1 35.2 35.2
11 3 0.22 1.65 8.25
12 3 0.44 4.62 11.55
13 3 0.66 10.56 17.6
14 3 0.88 25.52 31.9
15 3 1.1 66 66
16 5 0.22 1.87 9.35
17 5 0.44 5.5 13.75
18 5 0.66 13.2 22
19 5 0.88 30.8 38.5
20 5 1.1 71.5 71.5
21 7 0.22 3.3 16.5
22 7 0.44 8.8 22
23 7 0.66 23.1 38.5
24 7 0.88 35.2 44
25 7 1.1 44 44
26 9 0.22 9.9 49.5
27 7 0.44 26.4 66
28 7 0.66 61.6 77
29 7 0.88 63.36 79.2
30 7 1.1 77 77

by the excavation of the rock mass. The cloud diagram
of the maximum principal compressive stress (minimum
principal stress) of the surrounding rock after the tunnel ex-
cavation is completed is shown in Fig. 3. It can be seen that
due to the large horizontal in-situ stress, the tunnel invert
and the surrounding rock outside the dome have a large
compressive stress concentration phenomenon, which is
the cause of the rock matrix shear failure of the dome and
invert surrounding rock.

In summary, it can be seen that the failure of the sur-
rounding rock of an unsupported circular tunnel in the
phyllite strata is dominated by joint shear type failure and
rock matrix shear type failure. However, the joint tension
type failure mainly occurs in the shallow surrounding rock,
and the rock matrix tension type failure is difficult to occur
in the excavation of the cavern. The distribution law of

plastic zone for the three main types of failure is:

1. Joint shear failure zone: its distribution pat-tern is very
complicated, and can be divided into four categories
in general. The first type is that when the azimuth
angle of the weak plane is 0 °, the joint shear failure
zone is distributed in an "X" shape symmetrical about
the initial principal stress axis. With the increase of the
lateral pressure coefficient, the development direction
of the plastic zone gradually evolved from extending
along the direction of large principal stress to extend-
ing along the direction of small principal stress. In
the second category, when the azimuth angle of the
weak plane is small (the azimuth angle is 18 °) and
the lateral pressure coefficient is small, the joint shear-
type plastic zone develops along the direction of the
joint plane. With the increase of the lateral pressure
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Fig. 3. Distribution of maximum principal compressive
stress of surrounding rock.

coefficient, the joint shear-type plastic zone evolved
into a symmetrical "X"-shaped distribution about the
direction of the joint plane. The third type is when the
azimuth angle of the weak plane is medium or large
and the lateral pressure coefficient is small, the plastic
zone is mainly distributed in the direction perpendicu-
lar to the joint plane. As the lateral pressure coefficient
increases, the distribution of the plastic zone gradually
evolves into a symmetrical "X"-shaped distribution in
the direction perpendicular to the joint plane. The
fourth category is that when the azimuth angle of the
weak plane is 90 °, the plastic zone of the surrounding
rock is distributed in an "X" shape, and the develop-
ment direction of the plastic zone of the surrounding
rock is always along the direction of the large principal
stress. It can be seen that the distribution of the joint
shear failure plastic zone has a dual dependence on
the initial ground stress and the azimuth angle of the
joint plane.

2. Shear failure of rock matrix: Under different lateral
pressure coefficients, the location of the shear failure
of the rock matrix shows the followability of the joint
plane orientation, that is, it is always distributed along
the joint direction and perpendicular to the joint di-
rection and is distributed in a "cross" shape. When
the direction of the joint plane is parallel to the main
axis of the initial stress, the range of the shear failure
zone of the rock matrix is equivalent to the distribution
range of the joint shear failure zone. At this time, the
proportion of the plastic zone area in the direction of
the large principal stress increases with the in-crease
of the lateral pressure coefficient. When the direction
of the joint plane is not parallel to the main axis of the

initial in-situ stress, the proportion of the area of the
shear failure zone of the rock matrix perpendicular
to the joint plane and along the direction of the joint
plane increases with the increase of the initial ground
stress side pressure coefficient, and tends to be consis-
tent with the proportion of the plastic zone of the joint
shear failure.

100 - Satisfaction

0.90 ;__.__,_..'_-'__-. .

.

080 i

0.70

0.60

0.50

040

0.30

0.20

0.10

0.00 -

S S AN N W W
e LV I T= I PRI |

Fig. 4. Statistical diagram of user satisfaction survey of
simulation system.

From the above analysis, the constitutive model pro-
posed in this paper has a good application effect in con-
struction simulation analysis, and user satisfaction is high.

4. Conclusion

In this paper, from the perspective of anisotropic elastoplas-
tic mechanics, a constitutive model suitable for tunnel con-
struction simulation of layered rock mass is developed in
the finite difference program. Moreover, this paper perfects
the evaluation model of strength anisotropy and deforma-
tion anisotropy of layered rock mass in engineering. At the
same time, this paper conducts research on unsupported
circular tunnels under different lateral pressure coefficients
and rock formation conditions in the rock formation, and
systematically analyzes the mechanical behavior of the sec-
ondary stress state. In addition, this paper introduces the
basic method of establishing rock elasto-viscoplastic con-
stitutive model. On the basis of drawing lessons from the
underload surface model of over-consolidated soil, accord-
ing to the idea of relative over-stress, with the lower load
surface adjusted to the rock as the reference yield surface,
an elastic-viscoplastic constitutive model that can charac-
terize the characteristics of rock softening time-dependent
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Table 2. Statistical table of user satisfaction survey of simulation system.

Number | Satisfaction | Number | Satisfaction | Number
1 0.92 21 0.93 41
2 0.88 22 0.84 42
3 0.85 23 0.84 43
4 0.85 24 0.81 44
5 0.87 25 0.91 45
6 0.86 26 0.92 46
7 0.82 27 0.89 47
8 0.93 28 0.87 48
9 0.80 29 0.91 49
10 0.83 30 0.85 50
11 0.82 31 0.87 51
12 0.80 32 0.89 52
13 0.92 33 0.82 53
14 0.88 34 0.81 54
15 0.82 35 0.93 55
16 0.86 36 0.80 56
17 0.88 37 0.86 57
18 0.83 38 0.92 58
19 0.87 39 0.82 59
20 0.82 40 0.81 60

Satisfaction | Number | Satisfaction | Number | Satisfaction
0.93 61 0.89 81 0.90
0.92 62 0.90 82 0.88
0.82 63 0.80 83 0.93
0.90 64 0.79 84 0.94
0.89 65 0.87 85 0.89
0.85 66 0.80 86 0.90
0.83 67 0.92 87 0.83
0.93 68 0.89 88 0.86
0.84 69 091 89 0.80
0.91 70 0.87 90 0.79
0.92 71 0.82 91 0.92
0.92 72 0.94 92 0.94
0.91 73 0.84 93 0.86
0.89 74 0.93 94 0.89
0.89 75 0.90 95 0.85
0.80 76 0.83
0.90 77 0.81
0.81 78 0.88
0.82 79 0.80
0.80 80 0.87

deformation is established. Finally, this pa-per uses the
newly established elasto-viscoplastic model to simulate the
rate sensitivity test results of quartz sandstone and argilla-
ceous sandstone.
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