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.e core content of the convergence constraint method is to determine the reasonable support time and support stiffness. .e
stiffness of shotcrete in supporting structure is dynamic. .e support stiffness of shotcrete is roughly calculated in engineering,
which results in a waste of materials and increases the risk of construction. .erefore, in this study, considering the time-varying
characteristics of shotcrete, combined with the elastic-plastic theory and the space effect of excavation surface, the calculation
equation describing the support reaction curve is given. An example is given to show that the stiffness of shotcrete considering
time-varying effect is lower than that of shotcrete without time-varying effect, and the difference is the most obvious in the age of
0–3 days. However, in the later stage, the stiffness growth rate of shotcrete considering time-varying effect is higher than that of
shotcrete without time-varying effect. .is study can predict the whole process of the support reaction curve, which can make the
application of the convergence constraint method in tunnel support design more accurate, and provide a theoretical basis for the
design of supporting structure in the process of tunnel construction.

1. Introduction

With the development of the New Austrian Tunneling
Method (NATM), the design concept of tunnel has changed
greatly [1, 2]. .e core of the New Austrian Tunneling
Method is to give full play to the stability of the rock. From
this point of view, the rock bears an important responsibility
in the foundation-structure interaction system, which not
only acts as the supporting part of the tunnel structure but
also acts as a source of pressure on artificial support. .e
interaction between support and rock has always been the
focus of research in the field of tunnel engineering, but there
is still a lot of controversy about when to apply the sup-
porting structure. .e selection of supporting time is a key
point in the total of tunnel supporting structure.

At present, the constraint convergence method (CCM) is
the most commonly used method to study the interaction
between support and rock. .e core of the constrained

convergence method is to determine the setting time and
stiffness of the supporting structure to ensure that the
supporting structure can reach equilibrium with the rock
[3]..is process is shown in Figure 1, in which the abscissa is
the radial displacement of the inner wall of the tunnel, the
ordinate is the supporting force of the inner wall, and the
starting point P0 represents the original stress state before
the tunnel excavation. After the tunnel excavation, the
supporting force of the inner wall provided by the rock
gradually decreases, and the rock has elastic deformation
until point A. After point A, the rock has plastic defor-
mation, and at this time, the growth of the radial dis-
placement of the rock accelerates. Due to the continuous
expansion of the plastic region, the relaxation pressure
appears in the plastic zone, and the superposition results in
the upward warping of the curve. .is is the rock charac-
teristic curve of the arch in the typical state of the soft
stratum. If the strength of the rock is high, the plastic

Hindawi
Advances in Civil Engineering
Volume 2020, Article ID 6069432, 13 pages
https://doi.org/10.1155/2020/6069432

mailto:ys08@gl.chd.edu.cn
https://orcid.org/0000-0003-3929-5013
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/6069432


deformation is not produced, or the plastic zone is small, and
the relaxation pressure does not occur; the curve and
warping will not occur. .e tunnel support system begins to
be set up after a certain distance of tunnel excavation, and its
support reaction can be expressed by a curve, that is, SRC.
.e intersection of SRC and GRC is the expected support
point, and the balance of SRC and GRC is reached.

.e ground reaction curve was first put forward by
Fenner [4]. According to the elastic-plastic theory, Fenner
deduced the relationship between the radial displacement of
tunnel wall and the rock pressure of tunnel. On this basis,
scholars have made an in-depth study of the rock charac-
teristic curve and obtained some conclusions. With the
development and application of elastic-plastic theory, the
research of support-rock has also been developed. .e re-
search shows that the support resistance is closely related to
the plastic deformation of rock. So far, a variety of models
have been established based on GRC and applied in foun-
dation reinforcement, and so on [5–19].

Oreste explores the interaction between tunnel rock and
support, adopts the concept of limit state, gives the SRC and
calculation formula of main support forms, analyzes the
combination of support forms, discusses the interaction
between initial support and secondary lining, and gives the
calculation method of composite lining [20]. .e study
shows that the bearing capacity of shotcrete increases with
the excavation of the tunnel, and in the process of tunnel
excavation, the excavation face of the tunnel will continue to
move forward before the shotcrete support hardens com-
pletely [21]. At the same time, the supporting effect of tunnel
excavation on rock began to disappear. At this time, shot-
crete support is in the early stage of bearing load. In this
stage, the strength and stiffness of shotcrete are increasing
with time andmay be destroyed before reaching the ultimate
strength. .is phenomenon is closely related to the time-
varying characteristics of shotcrete. Because the tunnel
support problem is statically indeterminate, the load acting

on the support is directly related to the stiffness of the
support. .erefore, it can be considered that GRC depends
on the nature of the rock itself, the variation of the stiffness
of shotcrete support with time, and the excavation rate of the
tunnel excavation surface. Stille et al. pointed out that, if the
load acting on shotcrete support increases with time, if it
exceeds the strength of support, it will lead to the instability
of support [22]. However, the conventional GRC does not
take into account this effect on the early characteristics of
shotcrete. At present, the above theory cannot reasonably
explain the early failure of shotcrete supporting structure.
.e interaction between shotcrete and rock is lack of rea-
sonable and effective theoretical analysis, so it is necessary to
establish SRC model considering the time-varying charac-
teristics of shotcrete, so as to find out a more appropriate
time to support.

In this study, based on theMohr–Coulomb criterion and
the space effect of excavation surface, the calculation model
of SRC considering the time-varying characteristics of
shotcrete is put forward, and combined with the process of
tunnel construction, the suggestion of selecting the time of
support is given. .is paper gives a new understanding of
SRC in the early stage, in order to provide a new idea for the
study of time-varying characteristics of shotcrete.

2. Time-Varying Characteristics of Shotcrete

As an important part of the initial support of the tunnel,
shotcrete carries the load together with the rock since it is
applied. Because this paper assumes that the tunnel is ex-
cavated at a uniform speed, and the stress release rate and the
mechanical properties of shotcrete are related to time, for a
certain analytical section, the load of shotcrete may be
greater than its current ultimate bearing capacity, resulting
in rock instability. .is phenomenon should be paid at-
tention to in the design of tunnel supporting structure.

Creep is an important time-varying characteristic of
shotcrete. Creep refers to the phenomenon that the stress of
concrete is constant and the action time of strain and load
increases. It is generally believed that the factors affecting
concrete creep are cement type, aggregate type, different
water-cement ratio, admixture, loading age, loading stress,
loading time, specimen size, and so on.

At present, scholars from various countries have done a lot
of research on the creep performance of concrete. .e study
shows that the creep coefficient or degree of creep is an im-
portant parameter for calculating the constitutive relation of
stress and strain of early age concrete. .ere are many factors
that affect this parameter, and the expression is complex, so it is
difficult to describe these two parameters exactly [23–47].

.erefore, scholars from various countries have put
forward many mathematical calculation models of creep
coefficient. Due to the different factors considered, the
calculation formulas are also different, so there are two
methods: one is to make the creep coefficient table in the
form of the product of each partial coefficient, such as the
representative ACI-209 model [48, 49] and GL2000 model
[50], and the other is to make the creep coefficient table in
the form of the sum of each partial coefficient, such as CEB-

Support reaction curve

Ground reaction curve

P

P0

P0

P′0
Pfj

P1 + P2 + Pf

P1 + P2

P1,j + P2,j
u0 u1 ui uk u

A

Pi

Figure 1: Ground reaction curve and suppose reaction curve.
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FIP model [51] and B3 model [52, 53]. In order to verify
which model has the best prediction effect, a large number of
domestic and foreign scholars have done a large number of
comparative experiments. .e results show that, in terms of
calculation accuracy, the prediction results of B3 model and
GL2000 model are close to the measured values, and there is
a big gap between the predicted results of the CEB-FIP
model and ACI-209model and themeasured values [54–59].
From the point of view of the uniformity of the distribution
of prediction results, the B3 model, GL2000 model, and
CEB-FIP model perform better. In terms of the parameters
considered, CEB-FIP focuses on strength and temperature,
while the B3 model focuses on mix ratio.

More importantly, the CEB-FIP model is the most ac-
curate in predicting Portland cement concrete..e CEB-FIP
model adopts the creep coefficient expression of the su-
perposition of elastic deformation and plastic deformation.
.is model is suitable for the creep calculation of concrete
whose compressive stress does not exceed 0.5Ra and is
suitable for tensile concrete. For shotcrete, the working
environment and load distribution are analyzed and sum-
marized, and the following conclusions are drawn:

(1) Generally speaking, shotcrete belongs to Portland
concrete, and the creep law is consistent with that of
ordinary concrete in qualitative analysis.

(2) .e load on shotcrete is uncertain. According to
statistics, the average radial contact stress of shot-
crete is 297 kPa.

(3) .e contact stress of shotcrete increases with time,
and its internal stress increases gradually with time.
.e values of the two stresses finally tend to be stable,
and their internal forces are mostly less than 0.5 Ra.

According to the above characteristics, the CEB-FIP
model is used in this study, and its creep coefficient equation
is

φ(t, τ) � βa(τ) + ϕ dβ d(t − τ) − ϕf βf(t) − βf(τ) , (1)

where φ (t, τ) is the creep deformation coefficient of
shotcrete structure at t age, and the observation time is the
creep deformation coefficient of τ. βa(τ) is the irrecoverable
deformation part produced at the initial stage of loading,
βd(t − τ) is the delayed elastic strain increasing with time,
and ϕf is the flow plasticity coefficient.

For shotcrete, Bay and Stokoe II [60] used the sound
wave method to obtain the relationship between elastic
modulus and age of the shotcrete equation:

E(τ) � E0 1 − αe
− mτ

− (1 − α)e
− nτ

 , (2)

where E0 is the final elastic modulus of shotcrete, m and n
values can be referred to [61, 62], and t is the age of shotcrete.

.e parameters in equation (2) are often simply fitted
according to the field measured data or selected according to
the type of shotcrete. In this way, the time-varying char-
acteristics of shotcrete are not taken into account. .erefore,
in this study, the equivalent elastic modulus is introduced to
improve the formula.

In creep theory, the ratio of creep strain to instantaneous
elastic strain is creep coefficient φ(t, τ). At present, the
international definition of creep coefficient can be sum-
marized as follows:

εc(t, τ) �
σ(τ)

Et

φ(t, τ). (3)

.e creep coefficient has a negative correlation with the
age t of concrete and a positive correlation with the time of
concrete bearing load. However, with the increase of time, the
growth rate of creep coefficient under the load of concrete will
gradually decrease..erefore, the age of concrete and the time
of concrete bearing load are two important factors that de-
termine the creep coefficient. .erefore, the creep function
can be expressed as the following equation:

J(t, τ) �
1 + φ(t, τ)

E(τ)
. (4)

.erefore, the equivalent elastic modulus of shotcrete
can be obtained:

Eequ(τ) �
E(τ)

1 + φ(t, τ)
, (5)

where Eequ is the equivalent elastic modulus of shotcrete.

3. Space Effect of Excavation Face

.e safety of the steel frame and shotcrete structure in the
initial support is very important to the safety of tunnel
construction, and their stress is the key to tunnel design
[63–69]. Due to the characteristics of shotcrete, in the time
when it reaches the design strength, the longitudinal advance
of the excavation face produces displacement release, which
leads to a certain difference between the supporting load
growth law and the steel frame. .erefore, in order to ac-
curately evaluate the supporting effect, the changing char-
acteristics of the supporting structure must be
comprehensively considered. .e calculation model is
shown in Figure 2, and the derivation process is based on the
following assumptions:

(1) .e rock is a homogeneous and isotropic elastic-
plastic rock mass

(2) .e rock satisfies the Mohr–Coulomb yield criterion
(3) .e deep-buried circular tunnel is infinitely long
(4) According to the plane problem, the compressive

stress is positive, the tensile stress is negative, and the
direction of tunnel excavation is positive

3.1. Virtual Support Force. Tunnel excavation is essentially a
three-dimensional problem, and the excavation surface
shows a constraint in the direction of both the vertical
section and the cross-section [70]..e coupling effect caused
by the constraint in different directions has a certain limiting
effect on the displacement of the rock around the cave, so
that the elastic-plastic deformation of the rock cannot be
released immediately in a certain range near the excavation
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face, so as to maintain its own stability to a certain extent.
.e constraint action is generally composed of rock pres-
sure, space effect of excavation face, and support resistance.

In order to analyze the abstract space constraint effect of
the tunnel excavation surface with the equivalent plane
strain problem, a concept called “virtual supporting force” is
introduced [71]. Its physical meaning is that it is considered
to take a section near the tunnel excavation surface for
analysis, which is called the plane section, which is called the
analysis section. After the analysis section is removed, it will
continue to converge, but due to the effect between empty
excavation surfaces, the application of radial force on the
cross-section wall will prevent the trend of continuous
deformation of the analysis section, which is called virtual
supporting force. As shown in Figure 3, the virtual sup-
porting force gradually decreases with the increase of the
distance between the analysis section and the excavation
surface, and the virtual supporting force reaches the max-
imum value on the palm face. .e study shows that the
release formula of rock pressure is equation (6) [72]. At the
moment of tunnel excavation, it can be considered that the
rock pressure has been released by 30%. .erefore, the
virtual supporting force will not be equal to P0 in numerical
value, and the constraint Pi can be expressed as equation (8).

Based on themaximum radius of the plastic zone of rock,
Vlachopoulos and Diederichs [73] put forward the ex-
pression of displacement release coefficient of ideal elastic-
plastic rock. Alejano et al. [74] extended and analyzed it
through numerical simulation and pointed out that it is also
suitable for strain-softened rock, and the calculation method
of relevant parameters is given through statistical analysis. In
this study, the characteristic curve of supporting structure is
deduced based on the Vlachopoulos formula equation:

uR0

umax
�

umax
1
3

e
− 3Rp/20R0( 

e
x/R0( ), x< 0,

1 − 1 − umax
1
3

e
− 3Rp/20R0( 

 e− 3x/2Rp( , x≥ 0,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(6)

where uR0
is the radial displacement of tunnel excavation

face, Rp is the maximum radius of the plastic zone without
support, umax is the maximum short-term radial displace-
ment distant from the face and corresponding to plane strain
analysis of a tunnel cross section, P0 is the initial rock
pressure, x is the distance between the analysis section of the
tunnel and the excavation face, and R0 is the tunnel radius.

3.2. ;e Elastic Solution. According to the thick-walled
cylinder theory, the elastic convergence equation of the
radial displacement of the tunnel rock without support can
be obtained:

uR0
�
1 + μ

E
R0 P0 − Pf , (7)

where uR0
is the radial displacement of the tunnel, μ is

Poisson’s ratio of rock, E is the elastic modulus of rock, and
Pi is the supporting force acting on the rock:

Pf � P0 −
EuR0

(1 + μ)R0
. (8)

By combining equations (6)–(8), Pf under elastic con-
ditions can be obtained:

Pf �

P0 −
Eumax(1/3)e− 3Rp/20R0( e x/R0( )

(1 + μ)R0
, (x< 0),

P0 −
Eumax 1 − 1 − umax(1/3)e− 3Rp/20R0(  e− 3x/2RP( ) 

(1 + μ)R0
, (x≥ 0).

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(9)

3.3.;e Plastic Solution. In infinite media, the elastic-plastic
solution of the circular hole problem is obtained by using the
Mohr–Coulomb criterion and the unrelated flow rule.

Equation (10) can be obtained from the Mohr–Coulomb
yield criterion:

τn � σn tanφ + c, (10)

TR1

R0

P0

Rp

Plastic zone

Elastic zone

Figure 2: Circular tunnel model in hydrostatic pressure field.
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where σn and τn are the normal stress and tangential stress
on the failure surface, φ is the internal friction angle of the
rock, and c is the cohesion of the rock.

In this study, according to the previous assumptions, the
Mohr–Coulomb yield criterion can be written as the fol-
lowing equation:

σp

θ �
1 + sinφ
1 − sinφ

σp
r −

2 cosφ
1 − sinφ

c, (11)

where σp

θ is the tangential stress of the plastic zone rock and
σp

r is the radial stress of the plastic zone rock.
.e equilibrium differential equation can be written as

the following equation:

dσp
r

dr
+
σp

r − σp

θ
r

� 0. (12)

With the combination of equations (11) and (12) and
considering the boundary condition r�R0 and the late
σp

r � Pi, the lateral pressure coefficient is 1 and the tangential
stress component and radial stress component of the plastic
zone of rock can be obtained:

εp
r � Pf + c cotφ 

r

R0
 

(2 sinφ/(1− sinφ))

− c cotφ,

εp

θ � Pf + c cotφ 
1 + sinφ
1 − sinφ

 
r

R0
 

(2 sinφ/(1− sinφ))

− c cotφ.

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(13)

On the elastic-plastic interface, the stress in the plastic
zone is balanced with that in the elastic zone:

σe
r � σp

r ,

σe
θ � σp

θ .
(14)

At this time, the stress on the interface of the elastic-
plastic zone should satisfy both the elastic condition and the
plastic condition, and the elastic condition is

σe
r + σe

θ � 2P0. (15)

With the combination of equations (11) and (15), in
r�Rp, the plastic condition can be expressed as

σp
r � P0(1 − sinφ) − c cosφ,

σp

θ � P0(1 + sinφ + c cosφ.

⎧⎨

⎩ (16)

Rp can be obtained by combining equations (13) and
(16):

Rp � R0 (1 − sinφ)
P0 + c cotφ
Pf + c cotφ

 

((1− sinφ)/2 sinφ)

. (17)

At this time, the rock outside the radius of the plastic
zone Rp is still in the elastic state, and the boundary con-
dition is

r �∞,

σe
r � P0.

(18)

At r�Rp,

σe
r � σp

r � c cotφ
Rp

R0
 

(2 sinφ/(1− sinφ))

− 1⎡⎣ ⎤⎦. (19)

According to the geometric equation of axisymmetric
plane strain state equation,

εr �
du

dr
,

εθ �
u

r
.

(20)

Combining equations (12)–(20),

σe
r � P0 −

R2
p

r2
P0 − c cotφ

Rp

R0
 

(2 sinφ/(1− sinφ))

− 1⎡⎣ ⎤⎦⎛⎝ ⎞⎠,

σp

θ � P0 +
R2

p

r2
P0 − c cotφ

Rp

R0
 

(2 sinφ/(1− sinφ))

− 1⎡⎣ ⎤⎦⎛⎝ ⎞⎠,

ue �
(1 + μ)R2

p

Er
P0 − c cotφ

Rp

r
 

(2 sinφ/(1− sinφ))

− 1⎡⎣ ⎤⎦⎛⎝ ⎞⎠.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(21)

The analysis section
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The excavation direction

The excavation surface

The analysis section xA
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t = 0 t = t0 t = tf

Figure 3: Diagram of virtual support force.
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In order to obtain the displacement up of rock plastic
zone, it can be assumed that the volume of rock plastic zone
is constant in the case of small deformation:

εp
r + εp

θ + εp
z � 0. (22)

Geometric equations of the axisymmetric plane strain
state are as follows:

εr �
du

dr
,

εθ �
u

r
,

εz � 0.

(23)

.e calculation of elastic displacement is the same as that
in the elastic-plastic state:

u
p

�
(1 + μ)R2

p

Er
P0 − c cotφ

Rp

r
 

(2 sinφ/(1− sinφ))

− 1⎡⎣ ⎤⎦⎛⎝ ⎞⎠.

(24)

When r�R0, the radial displacement under the action of
Pf can be calculated by combining equations (16), (17), and
(24):

u
Pf

R0
�

(1 + μ)R0

E
P0 sinφ + c cosφ(  (1 − sinφ)

P0 + c cotφ
Pf + c cotφ

 

((1− sinφ)/sinφ)

. (25)

.us,

Pf �
(1 + μ)(1 − sinφ) P0 + c cotφ( 

Eu
Pf

R0
/R0 P0 sinφ + c cosφ(  

(sinφ/(1− sinφ))
− c cotφ.

(26)

.e combination of equations (6) and (26) can be
obtained:

Pf �

(1 + μ)(1 − sinφ) P0 + c cotφ( 

Eu2
max(1/3)e− 3Rp/20R0( e x/R0( )/R0 P0 sinφ + c cosφ(  

(sinφ/(1− sinφ))
− c cotφ, (x< 0),

(1 + μ)(1 − sinφ) P0 + c cotφ( 

Eumax 1 − 1 − umax(1/3)e− 3Rp/20R0(  e− 3x/2Rp(  /R0 P0 sinφ + c cosφ(  
(sinφ/(1− sinφ))

− c cotφ, (x≥ 0).

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(27)

4. Construction of SRC

4.1. ;e Elastic Solution. In this study, it is assumed that
the rock and the supporting structure satisfy the con-
tinuity assumption, the supporting structure and the
rock are closely connected, and there is no relative
displacement.

According to equations (7) and (8), (28) can be obtained
when only elastic displacement occurs in rock:

u
Pi

R0
�
1 + μ

E
R0 P0 − Pi( . (28)

.e supporting resistance caused by supporting struc-
ture is Ps:

Ps �
Ks

R0
u

Ps

R0
,

u
Ps

R0
� u

Pi

R0
− u xA( ,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(29)

where Ks is the stiffness of the supporting structure and xA is
the analysis section:

uR0
xA( 

umax
�

umax
1
3

e
− 3Rp/20R0( 

e
xA/R0( ), xA < 0( ,

1 − 1 − umax
1
3

e
− 3Rp/20R0( 

 e− 3xA/2Rp( , xA ≥ 0( .

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(30)

.e radial displacement of tunnel face under the action
of Pi can be obtained by combining equations (8), (9), (28),
and (29):
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u
Pi

R0
�

(1 + μ)R0

E
−

Ks

R0
u

Pi

R0
+

Ks

R0
uR0

xA(  +
Eumax(1/3)e− 3Rp/20R0( e x/R0( )

(1 + μ)R0

⎡⎢⎢⎣ ⎤⎥⎥⎦, (x< 0),

(1 + μ)R0

E
−

Ks

R0
u

Pi

R0
+

Ks

R0
uR0

xA(  +
Eumax 1 − 1 − umax(1/3)e− 3Rp/20R0(  e− 3x/2RP( ) 

(1 + μ)R0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦, (x≥ 0).

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(31)

4.2. ;e Plastic Solution. According to the corollary in
Section 3.3, the radial displacement of tunnel excavation
surface under the action of Pi is

u
Pi

R0
�

(1 + μ)R0

E
P0 sinφ + c cosφ(  (1 − sinφ)

P0 + c cotφ
Pi + c cotφ

 

((1− sinφ)/sinφ)

.

(32)

.e radial displacement of tunnel face under the action
of Pi can be obtained by combining equations (8), (9), (29),
and (32):

u
Pi

R0
E

(1 + μ)R0
�

P0 sinφ + c cosφ(  (1 − sinφ)
P0+c cotφ

Ks/R0( )u
Ps
R0

+P0− Eumax(1/3)e
− 3Rp /20R0( )e x/R0( )/(1+μ)R0 +c cotφ

⎡⎣ ⎤⎦
((1− sinφ)/sin φ)

, (x< 0),

P0 sinφ + c cosφ(  (1 − sinφ)
P0+c cotφ

Ks/R0( )u
Ps
R0

+P0− Eumax 1− 1− umax(1/3)e
− 3Rp /20R0( ) e− 3x/2RP( ) /(1+μ)R0 +c cotφ

⎡⎣ ⎤⎦
((1− sinφ)/sinφ)

, (x≥ 0).

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(33)

4.3. Calculation of Support Stiffness. In this study, the
equivalent stiffness of the supporting structure is calculated
by using the research results of Oreste [20]. .e equivalent
stiffness of shotcrete can be calculated by

Kshot �
Eequ(t) R2

0 − R2
1( 

1 + μs(  1 − 2μs( R2
0 + R2

1 R0
, (34)

where μs is shotcrete Poisson’s ratio and R1 is the inner
diameter of the tunnel after the injection of shotcrete.

.e maximum supporting force produced by shotcrete
can be calculated by

Pmax,shot �
σshot,c
2

1 −
R2
1

R2
0

 , (35)

where σshot,c is the uniaxial strength of the shotcrete.
.e maximum displacement of shotcrete can be calcu-

lated by

umax,shot � ue,shot + εbr,conR1 −
2R0R1 1 − μs( 

1 − 2μs( R2
0 + R2

1

Pmax,shot

Kshot
,

(36)

where umax,shot is the maximum displacement that the
shotcrete can bear, ue,shot is the maximum displacement in

the elastic state of the shotcrete, and εbr,con is the failure
strain of the shotcrete.

.e equivalent stiffness of the steel arch frame can be
calculated by

Kset �
EstAst

d R0 − hset/2( ( 
2, (37)

where Kset is the stiffness of the steel set; Est is the elastic
modulus for the steel; d is the steel set spacing along the
tunnel axis; Ast is the cross-sectional area of the steel set
section; and hset is the cross-sectional height of the steel
section.

.e equilibrium condition gives (equation (38)) the
maximum pressure p sustainable from the steel set:

Pmax,set �
σst,yAset

R0 − hset/2( ( d
, (38)

where σst,y is the yield strength of the steel.
.e maximum displacement of the steel arch can be

calculated by

umax,set � uin,set + εbr,set R0 −
hset

2
 , (39)

where umax,set is the maximum displacement that the steel
arch frame can bear, uin,set is the displacement value during
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the installation of the steel arch frame, and εbr,set is the failure
strain of the steel arch frame.

As for radial anchored bolts, it results that

Kbol �
1

ScSl 4Lbol/πϕ
2Ebol(  + Q( 

,

umax,bol � uin,bol + Lbol εbr,bol −
4T0

πϕ2Ebol
 ,

Pmax,bol �
Tmax

ScSl

,

(40)

whereQ is the load-deformation constant for the anchor and
head [75]; Sc and Sl are the circumferential spacing and
longitudinal spacing; Lbol is the bolt length; ϕ is the bolt
diameter; and Ebol is the elastic modulus for the steel; and
Tmax is the force that induces yielding of the steel.

For the composite supporting structure composed of
shotcrete lining, steel bracing, and anchor, the stiffness,
maximum bearing capacity, and maximum displacement of
the composite supporting structure are expressed by

Ktot � 
j

Kj,

Pmax,tot � 
j

Pmax ,j,

umax,tot � min umax ,j ,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(41)

where Ktot is the total stiffness of the support system; Pmax,tot
is the total pressure of the support system; umax,tot is the total
displacement of the support system; Kj is the single support
stiffness; Pmax ,j is the single support pressure; and umax ,j is
the single support displacement.

5. Example and Analysis

.e radius of a tunnel is 5m, the thickness of shotcrete is
0.2m, the buried depth is 100m, and the relative humidity in
the tunnel is 70%. .e tunnel rock is grade IV, and the
specific parameters of the rock are shown in Table 1. .e
parameters of the steel arch are shown in Table 2.

5.1. Calculation of Parameters of Shotcrete. In this study, C30
shotcrete (experimental data are taken from a certain section
of tunnel), μshot � 0.2. According to the variation of C30
elastic modulus with time, the fitting formula can be
obtained:

E(τ) � 38.03 × 1 − 0.4797e
− 1.583τ

− 0.5203e
− 0.07351τ

 .

(42)

.e creep coefficient can be calculated by equation (1).
According to the study [76], equation (1) can be fitted to
synthesize equation (43), and the selection of parameters is
shown in Tables 3–5:

φ(t, τ) � βa(τ) + 
4

i�1
Ci(τ) 1 − e

− qi(t− τ)
  + 0.108, (43)

where

βa(τ) � 0.8 1 −
1

1.276
τ

4.2 + 0.85τ
 

1.5
 ,

C1(τ) � 0.172,

q1 � 0.0036,

C2(τ) � 0.12,

q2 � 0.0046,

C3(τ) � C × φfe− q3(t− τ),

C4(τ) � D × φfe− q4(t− τ),

φf � φf1φf2,

φf2 �

ah2 + bh + c(h≤ 1300),

1.12(h> 1300),

⎧⎪⎪⎨

⎪⎪⎩

h � 2λ R0 − R1( .

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(44)

After selecting the parameters, combined with equations
(41) and (42),

φ(t, τ) � 0.8 1 −
1

1.276
τ

4.2 + 0.85τ
 

1.5
 

+ 0.172 1 − e
− 0.0036(t− τ)

  + 0.12 1 − e
− 0.0046(t− τ)

 

+ 0.832e
− 0.0365(τ− 3) 1 − e

− 0.0365(t− τ)
 

+ 1.482e
− 0.00075(τ− 3) 1 − e

− 0.00075(t− τ)
  + 0.108.

(45)

5.2. Equivalent Elastic Modulus of Shotcrete. Combine
equations (5), (42), and (45). In equation (45), t� 28. .e
equivalent elastic modulus of shotcrete can be obtained at
different loading times, as shown in Table 6.

Table 1: Calculation parameters of surrounding rock.

E (GPa) μ c (kN/m) c (MPa) φ (°)
2 0.3 20 18 27

Table 2: Calculation parameters of the steel frame.

Eset (GPa) μst Ast (cm2) h (cm) d (cm) σst (MPa)
210 0.3 35.5 20 80 215
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As shown in Figure 4, regardless of whether the time
effect is taken into account or not, the elastic modulus in-
creases with the increase of time. However, in the initial
stage, E(τ) is obviously higher than Eequ(τ), especially in
0–3 days, and the growth rate of E(τ) is also faster than that
of Eequ(τ). However, with the increase of time, the creep
coefficient is decreasing, and Eequ(τ) still keeps growing
rapidly. .e growth of E(τ) tends to be flat.

As shown in Figure 5, with the increase of time and the
decrease of creep coefficient, both E(τ) and Eequ(τ) increase.
Comparing the two figures, we can see thatE(τ) will reach the
standard of tunnel design earlier, but in fact, after considering

the time effect of shotcrete, Figure 5(b) shows that the actual
elastic modulus of shotcrete does not meet the standard of
tunnel design. If the tunnel design is considered according to
Figure 5(a), the shotcrete lining structure will be subjected to
higher rock pressure prematurely, which may lay hidden
dangers for future construction or operation. If the tunnel
design is considered according to Figure 5(b), the actual
strength of the shotcrete lining structure can be achieved
when it is set. According to this design, the shotcrete lining
structure can be set at the minimum rock pressure, which can
improve the material utilization rate and reduce the safety
risks.

Table 3: Creep coefficient.

Relative humidity (%)
Coefficient

φ1 λ
100 0.8 30.0
90 1.0 5.0
70 2.0 1.5
40 3.0 1.0

Table 4: .e coefficient of a, b, and c.

Coefficient
h (mm)

h≤ 200 200< h≤ 900 900< h≤ 1300
a 1.00×10− 5 6.250×10− 7 − 2.03×10− 7

b − 4.5×10− 3 − 1.125×10− 3 1.875×10− 4

c 2.05 1.75 1.240

Table 5: .e coefficient of C, D, q3, and q4.

Coefficient
h (mm)

<50 100 200 400 800 >1600
C 0.50 0.47 0.41 0.35 0.29 0.20
D 0.39 0.42 0.48 0.54 0.60 0.69
q3 0.033 0.0335 0.034 0.035 0.038 0.05
q4 0.0015 0.0013 0.0011 0.00085 0.00065 0.00053

Table 6: .e time effect parameters of shotcrete.

Time (d) Elastic modulus (GPa) Creep coefficient Equivalent modulus of elasticity (GPa)
0.25 6.32 1.55 2.48
0.5 10.69 1.52 4.24
0.75 13.74 1.50 5.50
1 15.90 1.47 6.43
1.25 17.46 1.45 7.13
1.5 18.61 1.42 7.69
1.75 19.49 1.40 8.13
2 20.18 1.37 8.51
2.25 20.74 1.35 8.84
2.5 21.22 1.32 9.14
2.75 21.63 1.30 9.41
4 23.25 1.19 10.62
7 26.20 0.98 13.23
14 30.96 0.65 18.72
20 33.48 0.46 22.86
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Figure 4: Modulus of elasticity of shotcrete.
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Figure 5: Relation diagram of elastic modulus, creep coefficient, and age.

Table 7: Stiffness of supporting structure.

Time (d) Kshot,without (GPa/m) Kshot,equ (GPa/m) Ktot,without (GPa/m) Ktot,equ (GPa/m)
0.25 0.054 0.021 0.093 0.060
0.5 0.092 0.036 0.131 0.075
0.75 0.118 0.047 0.157 0.086
1 0.137 0.055 0.175 0.094
1.25 0.150 0.061 0.189 0.100
1.5 0.160 0.066 0.199 0.105
1.75 0.167 0.070 0.206 0.109
2 0.173 0.073 0.212 0.112
2.25 0.178 0.076 0.217 0.115
2.5 0.182 0.078 0.221 0.117
2.75 0.186 0.081 0.225 0.120
4 0.200 0.091 0.238 0.130
7 0.225 0.114 0.264 0.152
14 0.266 0.161 0.305 0.200
20 0.288 0.196 0.326 0.235
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5.3. Stiffness of Supporting Structure. .e stiffness of shotcrete
can be calculated by equation (34), and the stiffness of steel arch
can be calculated by equation (37), Kset� 0.388GPa/m. .e
stiffness of the supporting structure can be calculated by
equation (41), and the calculated results are shown in Table 7.
.e support stiffness without considering the time effect is
denoted as Kwithout, and the support stiffness after considering
the time effect is equivalent support stiffness.

It can be seen that when the time effect of shotcrete is not
taken into account, the value of Ktot,without is almost twice
that of Ktot,equ in the age of 0–2 days. With the increase of
time, the creep coefficient decreases gradually, the growth
rate of Ktot,equ gradually accelerates, while the growth rate of
Ktot, without gradually slows down. .erefore, the supporting
force of shotcrete structure with Ktot,equ is less than that of
shotcrete structure with Ktot, without under the same time and
displacement. (as shown in Figure 6)

6. Conclusions

In this study, combined with the space effect of excavation
surface and the time-varying characteristics of shotcrete, the
calculation model of SRC is improved.

An example is given to compare the difference between
considering and not considering the time-varying charac-
teristics of shotcrete. .e results show that when the time-
varying characteristics of shotcrete are not considered, the
elastic modulus and stiffness of shotcrete are higher than
those without time-varying characteristics, and in the initial
stage of the setting of the supporting structure, the gap is
especially obvious. In practical engineering application,
considering the time-varying characteristics of shotcrete will
help to select the appropriate support setting time.

In this study, the calculation methods of the rock dis-
placement at any distance from the excavation face and the
supporting force of the subcomponents of the initial sup-
porting structure are obtained, which makes up for the

limitation of the traditional convergence constraint method
applied to the supporting design, and can provide a reference
for the tunnel supporting structure design.

Generally speaking, the shorter the time for shotcrete to
reach the design strength, the better the ability to control
rock deformation, but at the same time, the greater the load
it bears. .e selection of setting time of supporting structure
should comprehensively consider the influence of rock
displacement, time-varying characteristics of shotcrete, and
tunnel tunneling rate. .rough the calculation method of
this study, the selection of support time can be optimized,
and the ideal support effect can be achieved on the premise
of ensuring support safety and rock stability.

.is study can provide a new understanding for SRC, but
the coupling change process of rock and supporting
structure is not taken into account, which is worthy of
further study in the future work.
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