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Improving the flexibility of the support system is an effective measure to prevent structural
failure caused by large deformation of the surrounding rock in tunnels passing through red
sandstone stratum. By utilizing the staged support installation method, the initial install location of
the supports can be adjusted to control the flexibility of the support system. However, there is
currently no corresponding analytical solution available to accurately predict the mechanical
behavior of the surrounding rock and supports. This paper proposes an analytical solution for
the whole process of interaction between the surrounding rock and supports. Firstly, based on
the improved unified strength criterion and non-associated flow rule, an elastoplastic analysis
of the surrounding rock of a circular tunnel in red sandstone stratum is conducted, which
takes into account intermediate principal stress, dilatancy, and nonlinear strain-softening
properties. Next, six types of interaction between the surrounding rock and supports are
proposed, along with corresponding judge theorems. Furthermore, an analytical solution for
the mechanical response of the surrounding rock and supports during the whole construction
process are presented. After verifying its effectiveness, a parametric analysis is performed to
investigate the influence of design parameters on the supporting effect. Finally, the application
effect of the staged support installation method is compared with that of the traditional
method, and the cost savings advantage of the former is demonstrated.

1. Introduction

construction efficiency (Wang et al., 2018). Enhancing support
flexibility to optimize the utilization of self-bearing capacity in

Haoji Railway plays a critical role in China's comprehensive
transportation system, crossing a range of challenging geological
environments along its route. The red sandstone stratum is the
most commonly encountered geological formation, characterized by
dilatancy and strain-softening properties, making it susceptible to
construction disturbance and exhibiting poor self-stability (Wang
et al., 2021; Xu et al., 2021; Li et al., 2023). Construction of
tunnels within the red sandstone stratum can result in substantial
deformation of the surrounding rock. Implementing stiff supports
that follow the resistance principle may lead to the crushing
failure of the support structures due to overload. As an example,
during the construction of Yangcheng Tunnel on the Haoji Railway,
shotcrete cracking and steel frame distortion occurred, leading to
damaged supports requiring reinstallation and significantly delaying

surrounding rock can prevent structural failure caused by large
deformations (Zhao et al., 2022), achieving optimal balance between
structural safety and deformation control.

Traditionally, stiffness-based support systems have struggled
to cope with large deformations of the surrounding rock. To address
this issue, the “resistance principle” has been supplanted by the
“flexible method” (Wu et al., 2022a), which involves moderately
releasing rock deformation to mitigate the pressure on support
structures. Though the use of scalable support can hike up
project costs, staged installation methods have been proposed as
a method of improving support flexibility. In this approach, each
component of the primary support system (e.g., steel frame,
shotcrete) is installed at varying distances from the tunnel face,
so the flexibility of the support system can be adjusted by changing
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the initial install location. Despite the promise of this method,
there is still a need for theoretical methods that analyze the
interaction between the surrounding rock and supports of the
tunnel in the red sandstone stratum.

The interaction between the surrounding rock and support is
rooted in three curves: the Ground Reaction Curve (GRC), Support
Reaction Curve (SRC), and Longitudinal Deformation Profile
(LDP) (Chuetal., 2019; Sun etal., 2021; Lin et al., 2023). According
to the traditional convergence-confinement method, the intersection
of the GRC and SRC represents the equilibrium state of the
surrounding rock and support. It fails to take into account the
spatial effects of the tunnel face, which makes it challenging to
reflect the dynamic interactions between the surrounding rock
and support accurately. To address this issue, some scholars have
proposed coupling approaches that integrates the GRC, SRC, and
LDP. For instance, Liu et al. (2023) proposed an analytical model
to solve the time-dependent interaction between support structures
and rheological rock, which takes the shotcrete progressive hardening
property, tunnel excavation effect, and sequential installation of
linings into account. Qiu et al. (2022) presented a simplified
analytical method that considers the effects of tunnel excavation
rate and tunnel face stress release in rheological rock, enabling
the investigation of the tunnel face effect and rock mass time-
dependent behavior. Zhou et al. (2021) decomposed the total
support force into the virtual support force and artificial support
structures, conducting a systemic parametric analysis on radial
deformation of the tunnel and support force.

Through a review of the literature, it became evident that
there is currently no established analytical solution for staged
support installation. This deficiency makes it challenging to
predict the mechanical response of the support system quickly or
determine reasonable installation timing and stiffness for each
supporting component. Moreover, the surrounding rock in the
red sandstone stratum has multiple elastoplastic states due to
dilatancy and softening characteristics, which can increase the
complexity of the interaction mechanism between the surrounding
rock and support system. As China's transportation infrastructure
continues to develop rapidly, an increasing number of tunnel
projects crossing stratum with engineering properties similar to
those of the red sandstone stratum will emerge. The theoretical
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research detailed above is of great significance in guiding the
construction of similar projects.

This paper presents an analytical solution for analyzing the
interaction between the surrounding rock and supports of a
circular tunnel. The proposed solution can be used to analyze the
mechanical response of the supports installed in stages and
surrounding rock, which constructively considers the intermediate
principal stress, dilatancy, and strain-softening characteristics of
surrounding rock in the red sandstone stratum. After verifying
the rationality of the analytical solution, taking Yangcheng Tunnel of
Haoji Railway in China as the research object, the influence laws and
sensitivity of design parameters on the supporting effect are
systematically analyzed. Finally, the application effect of the
staged support installation method is compared with that of the
traditional method.

2. Mechanical Model of Interaction between
Surrounding Rock and Supports

2.1 Evolution Process of Interaction between
Surrounding Rock and Supports

There are two sources of support force p; acting on the inner wall
of the tunnel during excavation (Chu et al., 2021). One is the
virtual support force p,provided by the spatial effect of the tunnel
face, the other is the support force p, provided by the artificial
support. Since the secondary lining is usually regarded as a
safety reserve, the artificial support in this paper only refers to
the primary support, including steel frame and shotcrete. The
support forces provided by steel frames and shotcrete are defined as
Pser a0d Py, respectively. In terms of the source and development
trend of the support force acting on the inner wall of the tunnel,
four main stages of the interaction process are determined in this
paper, as shown in Fig. 1.

In stage a, the surrounding rock is not disturbed by tunnel
construction, such as section 4 — A4, resulting in the total support
force p; acting on the inner wall is equal to the unaltered stress of
the original rock op; In stage b, the artificial support has not been
installed, such as section B — B’, thus the support force is only
provided by the tunnel face, that is, p; = p; In stage c, the total
support force p; consists of p,and p,. When only the steel frames

P, [} |
Stage a Stage b

Stage ¢ Stage d

Pr P,

— 3

—

Fig. 1. Whole Process of the Interaction between Surrounding Rock and Supports
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are installed, such as section C — C’, p, equals to p,,,. When both
the steel frames and shotcrete are installed, such as section D —
D', p, consists of p,,, and pg,.,, thatis, P, = P, + Pax ; In stages b
and c, p, develops gradually with the increase of the distance
between the target section and the tunnel face, while p;, decreases
gradually; In stage d, which occurs when the spatial effect
provided by the tunnel face has completely disappeared, such as
section E — E', resulting in the support force only comes from the
artificial supports, and the surrounding rock is in balance with
the artificial supports. Obviously, the values of p; and p; have
been dynamic, which are closely related to the interaction state
between the surrounding rock and supports. The quantitative
methods of these two support forces will be discussed in this

paper.

2.2 Mechanical Model and Strength Criterion

The longitudinal dimension of the tunnel is significantly greater
than its transverse dimension. As such, the three-dimensional
problem can be transformed into a plane strain problem. The
mechanical model adopted for the tunnel is based on the following
assumptions:

1. The surrounding rock mass is assumed to be isotropic, and
is uniformly subjected to original rock stress oy;

2. The cross-sectional contour of the tunnel is circular, and the
support force p; conducted by the inner wall is uniformly
distributed;

3. The plane section assumption is satisfied.

Previous studies have shown that red sandstone has strain-
softening properties under external forces. With the continuous
increase of strain, the rock mass will be followed by the elastic
stage, plastic softening stage and residual stage (Wen et al., 2013;
Zhou et al., 2018; Huang et al., 2020). Thus, during the construction
progress, the disturbed rock outside the tunnel is susceptible to
exhibiting different elastoplastic states, such as the elastic state,
plastic softening state, or residual state, as illustrated in Fig. 2. Ry,
R,, and R, represent the radius of the excavated zone, plastic

Elastic zone

Plastic softening zone

Residual zone

Fig. 2. Mechanical Model of a Circular Tunnel in the Transverse
Direction

softening zone, and residual zone, respectively. oy, o, and o;
correspond to the tangential, radial, and axial stress, respectively.
At the elastic-plastic boundary (point A), the tangential and
radial stresses are respectively represented by o, and o, ”,
whereas at the boundary between the plastic softening zone and
residual zone (point B), the tangential and radial stresses are
represented by 5" and o’ respectively. Based on the
mechanical model elucidated in Fig. 2, the equilibrium equation,
geometric equation, and constitutive equation can be established
as follows:

do, o,-0,

I+ r :O
dr r ’ M
& —ﬂ P _u . =0 2
r dr’ 0 r’ z 5 ()
1-v? v 1-v? 14
£ = o —-—o0,| g,=—|o,——o0o.|. (3
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For red sandstone, which has the property of strain softening
formation, once the stress level of rock mass surpasses its
compressive strength, the mechanical parameters associated with
the rock mass will gradually diminish to their respective residual
values with an increasing strain (Riabokon et al., 2021). Based
on laboratory tests and mathematical analysis, Li et al. (2011)
and Luo (2018) obtained the attenuation laws of the internal
friction angle ¢ and cohesive ¢, as shown in Fig. 3, where ¢, and
@ refer to the internal friction angles of the surrounding rock in
elastic and residual state, respectively. The attenuation law of the
internal friction angle ¢ corresponding to the plastic softening
stage is described as follows:

0" =4,(c) —&57) +B,(e] -, ) +Cy » )
where A,, By, and C are constants.

From the boundary conditions ¢(s; 7)=g, , o(e7')=¢, and
(dp/de")|, . =0 ,the solution of ¢ can be obtained as follows:

@’ :Tq,(gé’ -&, ”)2/(85’ " g ”)—2T¢,(5(§’ —-&, ”)+(/70 , (5)
where T, is the softening modulus of ¢, which 7, = (¢, -¢*)/

pb_ep
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Fig. 3. Mechanical Parameter Attenuation Model of Surrounding
Rock in Red Sandstone Stratum: Take Internal Friction Angle as

an Example
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Similarly, the solution of ¢” can be obtained as Eq. (6).
¢ =T (sp—55 ") (e " 65 ") =2 (e — 5 ")+ (©)

Hu and Yu (2005) proposed an improved unified strength
criterion that comprehensively considers the impact of all three
stress couples operating on the principal shear planes of the
dodecahedral element, thereby enabling reflection of the nonlinear
strength characteristics of geomaterials. Yu et al. (2013) matched
the conventional unified strength criterion to the well-known
Drucker—Prager strength criterion, which enabled the reasonable
integration of the intermediate principal stress. Herein, the
improved unified strength criterion is matched with the Drucker-
Prager strength criterion and the expression is as follows:

f=o,-m(y)o, —n(y)=0

1-3aa, + 305\/@
1-3aa, -3a\1-3a] || )
)= 1-3aa, —305\/@

where o and « can be obtained by Eq. (8); y is the dilatancy
angle; «,, is the dilatancy parameter, which satisfies @, =«

when v =¢ (Dengetal., 2009); ¢= 3%/,/1 -3a;, .

bt (sing —1)+8tsingp (b +1)

“= 3a, b’ (sing —1)+ 9, b* (5—sinp) + 24a, tsinp (b +1) +36a, (b +2)
8ctcosp(b+1)
K= 3/ . — B o .
a, bt (sing —1)+3a, bt* (5-sinp)+8a, tsinp (b +1)+12c,, (b +2)
@®)

Based on the non-associated flow law (Bernaud and Quevedo,
2020), the relationship between the radial strain ¢’ and the
tangential strain &% of the rock in the plastic zone can be described
as follows:

de! +nde; =0, ©

where n=-m(y) .

2.3 Mechanical Characteristics of the Artificial Supports
Installed in Stages
The primary support system in mountain tunnels predominantly
comprises of the steel frames and shotcrete. In accordance with
the new Austrian method, the flexibility of the artificial support
system can be enhanced by adopting a staged installation procedure.
This entails installing the steel frames and shotcrete at varying
distances from the tunnel face, which are defined as x;,; and x;,
respectively, as shown in Fig. 4. Such an installation method is
beneficial in mobilizing the self-bearing capacity of the surrounding
rock and minimizing the likelihood of structural failures. It is
evident that the flexibility of the support system that is installed
in stages is principally influenced by the material parameters,
geometric parameters, and initial install locations. It is of paramount
importance to rationally determine the values of these parameters
to attain the optimal balance between structural safety and

4 Tunnel face
)
.

T

Xoi
Supported by the steel frames Supported only No

and shotcrete . by the steel frames - support | Heading direction

Fig. 4. Schematic of the Staged Installation of the Artificial Supports

deformation control efficacy.

Based on the thick-walled cylinder theory (Drescher and
Detournay, 1993), the stiffness of the steel frames and shotcrete
can be obtained by Egs. (10) and (11), respectively.

A E

set — set

kg = ————=—— (10)
d (RO - h:(’/ /2)
where k., A, En My, and d represent the stiffness, elastic
modulus, equivalent thickness, Poisson's ratio, and spacing of the
steel frames, respectively.

EA'/w/ |:R§ - (RO - ds/wr )21|
Ry (14 v,)[ (1205, ) R + (R, =dy,, )|

where Ky Egon dgon and v, represent the stiffness, elastic
modulus, equivalent thickness, and Poisson's ratio of the shotcrete,
respectively.

In the case of staged support installation, the support force p,
can be obtained by Eq. (12). The equation comprises of two distinct
parts: the first part indicates the stage supported solely by the
steel frames whereas the latter denotes the stage supported by the
conjunction of steel frames and shotcrete.

(11)

shot —

k,, [ulfo/m"’ (x) - ugo/ (x,.m. )J, X, <x <X,
ps = k:er |:MI€;[+RW (xl ) - u;e;r (xini ):|’

+ (kssf + kshm )[ug‘+Pm+Px1w, (x) - ugo/ T (xl ):| X > x]

(12)

where x represents the distance between the section and the
tunnel face; uy , ug *pa and ug PP represent the radial
displacement of the surrounding rock during successive stages,
namely: the stage without any support, the stage only supported
by the steel frames, and the stage supported collectively by steel
frames and shotcrete. It is pertinent to note that breaching the
ultimate bearing capacity of any component should be regarded
as an indicator of support system failure. Therefore, to maintain
the normal functionality of the support system, it is necessary to
ensure that Eq. (13) is satisfied.
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Pg+Pser+ Pshor Py max
0<k,, |:”R0/ ' (x) - ”R(; (xin[ ):| < Dyer
Py Pser + Pshot Py Pser max
0 < kshu/ |:uRof ! (x) - uROf (xl ):| < ps/mr
where P, represents the ultimate bearing capacity of the steel
frames and satisfies ph =4,0,, / [d (R, —hy,/ 2)} ;o

represents the ultimate bearing capacity of the shotcrete and
satisfies P = 0. g [Rj —(R, —d,, )]/ (2R;) .

, (13)

2.4 Quantitative Method of Virtual Support Force

As one moves away from the tunnel face, the virtual support force
acting on the inner wall diminishes continually, resulting in the
progressive increase of the surrounding rock's radial displacement.
It is possible to use the longitudinal deformation profile (LDP) of
the tunnel without artificial support to assess the attenuation law
of the virtual support force. Moreover, the ground reaction curve
(GRC) can reflect the relationship between the support force and
the surrounding rock's radial displacement. The coupling analysis
method based on LDP and GRC is able to quantify the virtual
support force. Previous research conducted by Vlachopoulos and
Diederichs (2009) obtained the LDP expression founded on
numerous finite difference simulations, which can be expressed
as Eq. (14). As for the GRC expression, it should be established
based on an elastoplastic analysis of the surrounding rock in the
red sandstone stratum, as elaborated on in Section 3.0.

Uy, (0)-uy -exp(x*), x<0

S 14
Up, (oo)-{l(lug)exp(l;ic H, x>0, (9

where u” represents the radial displacement of the surrounding
rock without artificial support; u, (=) represents the radial
displacement when the virtual support force is zero; =, is the
displacement release coefficient at the tunnel face and satisfies
u; =exp(—0.158°)/3; R =R}™ /R, , R™ is the plastic radius
when the virtual support force is zero; x* =x/R, .

uf;f (x)=

3. Elastoplastic Analysis of the Surrounding Rock
in the Red Sandstone Stratum

3.1 Solution of Elastic Zone
The stress at any point within the elastic zone o¢*, and the
corresponding radial displacement #°, can be determined using
Egs. (15) and (16), respectively.

2 [ (15)
R)
G;=UO+(0'O—O':"’)[ ’J
-
—c‘?\R?
o2 IR B (16)
2Gr 2(1+v)

where G represents the shear modulus.

The radial stress at the elastic-plastic boundary o¢” can be
obtained by substituting Eq. (1) into the yield criterion Eq. (7).

e p
ep 20,—nm

ofr==2 (17)

1+m°?

3.2 Solution of Plastic Softening Zone

The strain of the surrounding rock in the plastic softening zone &”
consists of elastic strain ¢~ and plastic strain ¢”, that is,
gl =gl +&l, g =gl +¢ . From Eq. (9), the following is

obtained:

(18)

where 7, =m(y”), y" refers to the dilatancy angle of the rock
in the plastic softening zone.

Combining the boundary conditions &= (r=R,),
&y =¢5(r=R,), the following can be obtained by substituting
Eq. (2) into Eq. (18).

P y— pe
& tNE, =&, +N&y >

au” u’ 1+v e p
LI s UR G 19
From the boundary condition u’(r=R,)=u‘(r=R,), the

radial displacement of the surrounding rock in the plastic softening
zone u” can be obtained as follows:

r(oy -0t " R Y™
u”:i( L ) n-1+2| =2 .

2G(1+7,) r
Based on the boundary condition o7 (r=R,)=0; " (r=R,)+ne),

the stress in the plastic softening zone o* can be obtained by
substituting Eq. (7) into Eq. (15).

mP 1
r P
. n r n
ol =|o, ' +— — -—
m? -1 R, mP -1

: 21

P " p
o} :m”(af 4 Z lj[l:] - ;l "
m? — ., m? —

3.3 Solution of Residual Zone
Based on the boundary condition o’ (r=R,)=p, , the stress in
the residual zone &’ can be obtained by substituting Eq. (7) into

Eq. (15).
O-b B . nb L m’ 1 B nb

o R, m’ —1
b mh 1 b
ch=m| p +—2 L S

’ A~ R, m' —1

Combine the generalized Hook law (Guo et al., 2022) and Eq.
(18), the following is obtained:

(20)

22)

b b
du® u’ o, _V(O'o ""O':)
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where 7, =m(y"), y* refers to the dilatancy angle of the rock
in the residual zone.

From the boundary condition u°(r = R,)=u" (r =R,) , the radial
displacement of the surrounding rock in the residual zone #’ can
be obtained as follows:

n+ e m+l
ub:Rb] l(0-0_0',4p) n—1+2 & '
2G(n, +1)r" R,

. , (24)
Ve (RZZ T ltm ) P2 (RZZIZH _ r1]2+l )
— - + -
R"! (772 + mb)r”Z (m, +1)r"™
vin,m® =3n, =3m? ) +v(1+17,)(1 =)t b
where 1= (77' 2 Jrv(Uem)(-m') p+ :Z s
2F m’ —1

I+m,)(1-2v) #°
Zzz( )lg ) -

m’ -1

3.4 Solution of Plastic Radius in the Plastic Zone
From the boundary condition ¢’ (r=R,)=0/(r=R,) , the radius
of the plastic softening zone R, can be obtained as follows:

‘R, . (25)

The internal friction angle of the surrounding rock in the
residual zone @' is constant. From Eq. (5), the expression of ¢' is
as follows:

SN (A
P0G |\ B ) T
Combine Egs. (25) and (26), the radius of the residual zone R,

is obtained:

(26)

Elastic zone

Elastic zone

i/

# Steel frame §

B-a B-b

Plastic softening

Plastic softening

R & shotcretej§

G((/’o—Cﬂ*)(”’h)} ﬁ, (27)

T (O'O—O'f p)

R, =R, {l +
4. Analytical Solution of Interaction between
Surrounding Rock and Support

4.1 Judge Theorem of the Interaction States and
Corresponding Solution Formulas

The interaction between the surrounding rock and supports is

continuously dynamic. To account for the elastoplastic state of the

surrounding rock and the progress of artificial support installation,

six interaction states are proposed, as shown in Fig. 5.

The progress of artificial support installation can be determined

by examining the relationship between x, x;,, and x;. When x <
Xii» the surrounding rock is not supported; When x,, <x <x, , the
surrounding rock is only supported by the steel frames; When x >
x;, the surrounding rock is collectively supported by the steel
frames and shotcrete. When the inner wall is the boundary of the
elastic zone, that is, R, = R,, the corresponding threshold support
force is defined as py,”, which is equivalent to o ”. The
expression of Py, is shown as Eq. (28). When the inner wall is the
boundary of the residual zone, that is, R, = R,, the corresponding
threshold support force is defined as p,°. From Eq. (27), the
solution of pf,’ can be obtained as Eq. (29). Hence, when
p: = pil, the surrounding rock of the inner wall is in the elastic
state; When pl.” < p, < p;.” , the surrounding rock of the inner
wall is in the plastic softening state; When p, <ph,”, the
surrounding rock of the inner wall is in the residual state.
20, -n""

e

Dim = (28)

1+m?

Residual zone
zone

Residual zone

Fig. 5. Types of Interaction States between Surrounding Rock and Supports
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(m* 1)o7 +n’ _n

P = rEl
Gl —*)(1+m) [ 29
Tw (0 -o, p)

When the inner wall is only supported by the steel frames
( x,, <x <x, ), the solution formula of the artificial support force
p(x) is as Eq. (30). Ulteriorly, considering the elastoplastic
state of surrounding rock, three types of interaction between
surrounding rock and supports (numbered as A-a, A-b, and A-c)
can be proposed.

px(X) kse/|: p/ﬁ"J( ) um (xini):|

For state A-a, the radial displacement of the inner wall
can be obtained through the coupling analysis of GRC and SRC.
This can be achieved by substituting Eq. (30) into Eq. (16).

(m® 1)1+

(30)

Py Dy

1>f+11 "( ) |: 9 _p(} (x)+kse1u1]€;r ('xini):|.R0 (31)
2G+k,,R,
Similarly, for state A-b, the radial displacement u;" """ can

be attained by the simultaneous solution of Egs. (2()), (21), and
(30).

ug "l (x) =

(32)

R R m+l
where 0=—2>—|n, —1+2| £ .
2G(1+771) R,

For state A-c, the radial displacement u;’ 7= can be obtained
by the simultaneous solution of Egs. (22), (24), and (30).

o

b
, n
S |:p}; (X)_kse,u;e; (xini)+mb7 (33)

et D
ujle;fﬂ) t (.X') —

R(;] _kser§1
where
é:] _ X (Rg:-l - Rl:hH) - ZZ(R(I)]J+I _ R[’)I:H) a)Rb'lz"‘] (0-0 70;’ 1))
pi+m:l—lj(772+mb) T n,+1 Ry (7, +1)

Herein, p}(x), p?(x),and pf-(x) respectively correspond to
the virtual support force acting on the inner wall in the elastic
state, plastic softening state, and residual state. By substituting
Eq. (14) into the expressions of GRC associated with various
elastoplastic stages, i.e., Egs. (16), (20), and (24), the solutions of
py(x), pf(x),and p;(x) can be ascertained as follows:

pr
2G-u X (4)

py(x)=0y ————>
R,
m’ 1
} (Ruj n”
Rp mf —1°

o <x>:{ L 35)

ugof (x)'Ro”z _52 _ n
g m'=1"

pr(x)= (36)

When the inner wall is supported by the steel frames and
shotcrete together (x > x;), the solution formula of the artificial
support force py(x) is as Eq. (37). Ulteriorly, taking into account
the elastoplastic state of the surrounding rock, three types of
interaction between surrounding rock and support can be
proposed, which are numbered as B-a, B-b, and B-c. For each
interaction type, the analytical solution for radial displacement of
the inner wall can be determined as Egs. (38), (39), and (40),
respectively, and the derivation process is analogous to that
detailed previously.

D) =gy 4 (g ) a7 () =g () | (37)

where 7= km[ D () ) (xm/)]

_po (x)—k T+(kxe/ +kshol) [I;,erw.g(xl ):|R0

2G +(ky, + k) Ry

set

up, + Dot + Pution € (x) _ [O-O

Ry

(38)
| RV
T {ao HIEE
; pr] +km +kxhol !
w1 »
J{(llj’) _]:|.m:’1—1k r+(k1+k,,)u,'( ! '(xl)}
P

(39)

b
& [pj’-(xnkm (kse,+k:,m,) b(xl)+mi’_l}+~fz
(ko + k)&

u[/é: +Pser + Ptor - (x) _

(40)

4.2 Analytical Solution of the Whole Process of

Interaction between Surrounding Rock and Support
Combined with the analysis of the evolution process of interaction
between surrounding rock and supports in Section 2.1, the
analytical solution is established as follows:

1. Conduct an elastoplastic analysis of the surrounding rock
in the red sandstone stratum based on the improved unified
strength criterion and considers the influence of intermediate
principal stress, dilatancy, and nonlinear strain-softening
characteristics. Establish the relationship between the support
force and radial displacement (GRC) as uf =f(p);
Additionally, select an appropriate longitudinal deformation
profile (LDP) as uj, o =g .

2. Assume the steel frames and shotcrete are installed at
distances x;,; and x;, respectively, from the tunnel face; The
distance between the selected section and the tunnel face is
x =n - v, The advance rate is v; Days of construction is #.
The installation progress of artificial support is divided into
three stages based on the values of x, x;,, and x;: unsupported

( x<x,, ), supported by the steel frames ( x,, < x <x, ), and

ini ini
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supported by the steel frames and shotcrete ( x> x, ).

When x> x, , the resulting support characteristic curve (SRC)
becomes the most complex in forms. The expression of the
SRC in this case is as follows:

p,(x) =k, |:”1Ie’0/ e (xl ) - ”11;0/ (xim' ):|
(ke + Ky )[u,’;;”’“'*“""' (x)- ug +Puar (x, )J . 41)

set

Therefore, the following section only outlines the analytical
steps that apply when the tunnel supports are comprised of
both steel frames and shotcrete.

. Assume that the surrounding rock is in a certain elastoplastic
state, and obtain the virtual support at a distance of x; from
the tunnel face p,(x,)=/ '[g(x,)] by conducting a coupling
analysis of GRC and LDP. This involves the simultaneous
solution of u;" = f(p,) and uy’ = g(x,) . Subsequently,
obtain the support force 2. (v ) and radial displacement
u,""(x,) by conducting a coupling analysis of GRC
and SRC. This involves the simultaneous solution of

wy " = f(py+ o) and pu(n) =k [uf ™ ) - ufl ()] .

4. Calculate the total support force acting on the inner wall using

p,-(xl): Dy (xl)+pw (xl) , and confirm the correctness of

the assumed elastoplastic state in step (c) using the judge
theorem proposed in this paper. If the assumed state is
correct, proceed to the subsequent steps. If not, select a new
elastoplastic state and repeat steps (c) and (d).

5. Adjust the expression of SRC in step (c¢) from

P (%) =k [l 7 () ) (3,) ] 10
Prsesir ()= P (%) (e + g )-[a777 () =l () | »

and determine the values of 2;(x), pu.g(x), and
uge ™" (x) based on the methodology used in steps (c)
and (d),

6. Use Eq. (13) to determine whether the failure of the
artificial support has occurred. If it has, stop the calculation.
If not, continue to step (g).

7. Determine whether the surrounding rock is balanced with
the support according to whether p(x) approaches zero. If it
does, stop the calculation. If not, adjust »=n+1 and repeat
steps (b) — (g)-

The above solution process can be implemented through
MATLAB programming, and the flowchart representation is
presented in Fig. 6. By utilizing this program, the mechanical
response of both the surrounding rock and the installed support

Input initial installation locations of steel frames and shoterete: xgi xy. Advance
rate: v. Days of construction: n. Tunnel excavation radius: Ry. Surrounding rock
material parameters: E, v, ¢, ¢, y, It, Ty, b. Artificial support material and
geometric parameters: Kyer, Aser, Eseriser, Ksiots Asiots Eshor, Hsior.

The distance between the section

n=n+1
and the tunnel face: x=n*v [
| 7
L Xy <x<xy? N ‘
Y x>x,? N
, L [
The surrounding rock is assumed to be The surrounding rock is assumed to be The surrounding rock is assumed to be
elastic state. g p; and prare obtained by elastic state. wgg p; and pr are obtained by elastic state. ugy and py are obtained by
substituting x into Eqs. (14), (30) and (31). substituting x into Eqs. (14), (37) and (38). substituting x into Eqs. (14) and (16).
= oY = PR E PR
¥ N ¥N N
The surrounding rock is assumed to be The surrounding rock is assumed to be The surrounding rock is assumed to be
plastic softening state. gy _p; and py are plastic softening state. ugy_p; and pyare plastic softening state. ugg and py are
obtained by substituting x into Egs. (14), obtained by substituting x into Egs. (14), obtained by substituting x into Eqs. (14)
(30) and (32). (37) and (39). and (20).
L e e e X P —— e
¥ N ¥ N ¥ N
The surrounding rock is d to be The surrounding rock is assumed to be The surrounding rock is assumed to be
residual state. ugg p, and py are obtained by residual state. ugy p,and py are obtained by residual state. ugp and py are obtained by
substituting x into Eqs. (14), (30) and (33). substituting x into Eqs. (14), (37) and (40). substituting x into Eqs. (14) and (24).
| |

Supported by the steel frame

and sljoterete

Supported hl\,thu steel frame

No support

o> 00 Y o (13 is satisfied? Y
§ N I N
surrounding rock is 1 .
balance with the B uprorin g

ing structure

Fig. 6. Solution Process

structure is failure
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system can be quantitatively assessed, which has a positive
significance for controlling the flexibility of the support system.

5. Validation of the Analytical Solution

This section aims to validate the reliability and effectiveness of
the proposed analytical solution by utilizing the Yangcheng
Tunnel of Haoji Railway in the red sandstone stratum, shown in
Fig. 7, as the research object. Detailed parameters of the surrounding
rock and supports are listed in Tables 1 — 3. The approximate
tunnel radius R, obtained via the equivalent circle method (Duan
et al., 2023), is 5.8 m. Steel frame type 120 and shotcrete type
C25 are used in this tunnel. The support stiffness and ultimate
bearing capacity are calculated using Egs. (10) — (13).

To validate the proposed analytical solution, a comparison is
made with a previous solution. Fig. 8 shows the radial displacement
curves obtained from the solutions proposed by this paper and
Zhang et al. (2012). Note that the previous solution, based on the
unified strength theory (Yu, 1994), cannot fully consider the stress
characteristics of the rock mass and the nonlinear attenuation

= Haoli Railway
*  YangCheng Tunnel

= [Fouh Chima
Sca Ialands

Fig. 7. Tunnel Engineering in Red Sandstone Stratum: Yangcheng Tunnel

Table 1. Parameters of Surrounding Rock

characteristics of the rock strength parameters.
The development trend of the rock radial displacement
distribution curves obtained by the two methods is similar, with

4.0
35 —— Proposed solution
- -~ Zhang et al., 2012
30+ Demarcation point between
~ residual zone and plastic
25k | sollening zone
e\o \
= \
= 20F _ Demarcation point between
E) plastic softening zone and
15k elactic zone
1.0}
05F
1 1 L 1 1 1
| 2 3 4 5 6
Ry

Fig. 8. Comparison of the Radial Displacement Curves of Surrounding
Rock Obtained by Two Methods

Landform of the tunnel
location

Samples of red sandstone

EMPa) v ¢o(MPa) c*(MPa) ?0(8) 9*(8) ¥ (8) v (8) I.(MPa) T,(8) o(MPa) b
280 0.3 0.18 0.15 36 24 4.5 2.25 3 1,200 3.0 0.5
Table 2. Parameters of Steel Frame

Ay (cm) hger (M) d (m) kser (MPa/m) Pui (MPa) E (GPa) v o.(MPa)

355 0.2 04 57.4 0.467 210 0.3 300

Table 3. Parameters of Shotcrete

o (1) ksnor (MPa/m) Py (MPa) E (GPa) v o, (MPa)

0.37 276.4 1.040 23 0.2 17
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main differences arising in the residual zone. The radius of
residual zone and plastic softening zone obtained by the proposed
method are 1.28 R, and 1.78 R,, respectively, which are 5.9%
and 7.3% smaller, respectively, than those obtained by Zhang et
al. (2012). By and large, the application of the solution proposed
by Zhang et al. (2012), overestimates the radial displacement of
the surrounding rock. This observation indicates that the previous
solution may result in a conservative engineering design, which
can be attributed to its deficiencies in accounting for the intermediate
principal stress, dilatancy, and strain-softening characteristics of
the surrounding rock. In conclusion, the results obtained by the
proposed analytical solution are more accurate than the previous
solution.

6. Parametric Analysis

When the staged support installation method is employed, the
mechanical response of the structure and surrounding rock during
tunnel construction is affected by the initial install location and
stiffness of each type of support. As such, this section conducts a
parametric analysis to clarify their impact on surrounding rock
deformation and support stress, which can aid in precisely
controlling the flexibility of the support system.

As detailed in Section 2.3, on the premise that the material
and geometric parameters of the artificial support remain constant,
the initial install locations of the steel frames and shotcrete
(designated as x;, and x;) will have a significant effect on the
support flexibility of the supports. To investigate the impact of

Table 4. Calculation Cases of the Initial Install Location of the Supports

Analysis type Non-variables  Variables
Analysis on the influence of the x,=4m Xn=0,1,2,3,4m
initial install location of the steel
frames
Analysis on the influence of the x;,=0m x=0,2,4,6m
initial install location of the shot-
crete
030 |
025 1 P e ——x, ~0m
/ Xy~ 1m
/ Installation of ——x,~2m
the shotcrete X~ 3m
‘ X, ~4m
5 10 15 20 2
x(m)

(a)

the initial install locations of the steel frames and shotcrete on the
support flexibility, multiple calculation cases are established, as
indicated in Table 4. The other parameters remain the same as
those presented in Section 5.0.

6.1 Influence of the Initial Install Location of the Steel
Frame

Figure 9 displays the support stress development curves for

various initial install locations of the steel frame x;,..

Figure 9(a) shows that the stress development of the steel
frame changes from rapid to basic stability after the shotcrete is
installed. As x;,; increases from 0 to 4 m, the final stress value
of the steel frame decreases from 0.275 to 0.088 MPa. This
phenomenon demonstrates that postponing the initial install
location of the steel frame can effectively reduce the final stress
and improve the safety performance of the support structure;
Fig. 9(b) shows that the stress development curve of the
shotcrete is smoother than that of the steel frame. Increasing x;,;
from 2 to 3 m shifts the surrounding rock from the plastic
softening state to the residual state, resulting in an increase in
the final shotcrete stress value from 0.129 to 0.168 MPa. This
phenomenon indicates the excessive postponement of the
support installation may cause the surrounding rock to shift
into the residual state, generating additional pressure that may
compromise structural safety.

Figure 10 displays the load sharing ratio and safety factor of
the supports for varying x;,..

As seen in Fig. 10, the load sharing ratios of the steel frame
decrease as x;, increases. When x;,; does not exceed 1 m, the
steel frame is the primary bearing component of the artificial
support system. When x;,; exceeds 4 m, the load sharing ratio
of the shotcrete becomes about 5 times that of the steel frame.
Increasing x;,; leads to a significant increase in the safety
factor of the steel frame, whereas the safety factor of the
shotcrete decreases.

Figure 11 shows the longitudinal distribution of the radial
displacement of the inner tunnel wall for varying x;,;.

018 F o -
Ti=0m surrounding rock is in .
016 F A~ Im residual state
——x,,~2m
0.14 - X, =3m
0,4 A
- 012 F T~ P
& et . s
= 010k — surrounding rock is in
= / F plastic sofiening state
S 0081 7
e
0.06 - ) /"
0.04 /
002+ /
0.00 L L 1 L
4 8 12 16 20 24

Fig. 9. Support Stress Development Curves for Varying x;,:: (a) Steel Frame Stress, (b) Shotcrete Stress
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Fig. 10. Load Sharing Ratio and Safety Factor of the Supports for Varying x;,: (@) Load Sharing Ratio, (b) Safety Factor

0.16
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=
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Fig. 11. Radial Displacement of the Inner Wall of the Tunnel for

Varying Xini
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The radial displacement of the surrounding rock at the inner
wall of the tunnel mainly develops between 1.3 times the tunnel
span ahead of the tunnel face and 0.7 times the tunnel span
behind the tunnel face. At the tunnel face, the radial displacement of
the surrounding rock, which has entered the plastic softening
state, is 65.0 mm. This demonstrates that the advanced core soil
in the red sandstone stratum has poor natural strength. However,
following the installation of the steel frame, convergence
deformation of the surrounding rock is immediately brought
under control. Increasing x;,; from 0 to 4 m causes the total radial
displacement of the surrounding rock to increase from 69.7 to
144.7 mm. This demonstrates that the rock deformation is highly
sensitive to the initial install location of the steel frame.

6.2 Influence of the Initial Install Location of the
Shotcrete
Figure 12 shows the support stress development curves for

0.40
——x=0m |
035F —o—x=2m e
——x,=4m T
030 — —x,=bm /'/
—/.
025t =
£ S
202
3 /
015t T |
010 F o - T
Y. ./_// o R
0.05 / - o
0‘00 L o A [ 1 1 'l L 1
0 2 4 6 & 10 12 14 16 18
x(m)
(b)

Fig. 12. Support Stress Development Curves for Varying x;: (a) Steel Frame Stress, (b) Shotcrete Stress
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Fig. 13. Load Sharing Ratio and Safety Factor of the Supports for Varying x;:

varying initial install locations of the shotcrete x;.

After the installation of the shotcrete, the stress development
of the steel frame is immediately suppressed, while that of the
shotcrete develops smoothly. When x,; increases from 0 to 6 m,
the amplitude of the steel frame stress is 0.193, 0.056, and 0.036
MPa, and the amplitude of the shotcrete stress is 0.193, 0.056,
and 0.036 MPa. This indicates that the initial install location of
the shotcrete, particularly with respect to its proximity to the
tunnel face, has a significant impact on the amplitude of the
structural stress.

Figure 13 shows the load sharing ratio and safety factor of the
supports for varying x;.

Increasing x; causes a gradual increase in the load sharing
ratio of the steel frame, accompanied by a sharp decrease in its
safety factor. It should be noted that the analytical solution
presented in this paper does not account for the impact of
hardening properties or installation quality on concrete strength.
As a result, the actual safety factor of the steel frame may be
lower than the calculated values shown in Fig. 13. This indicates
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that the staged installation method imposes strong requirements
on the load-bearing capacity of the steel frame to prevent structural
failure before the shotcrete installation; The safety factor of each
calculation case is over 2.5, suggesting that the shotcrete
thickness of 37 cm is overly conservative.

6.3 Influence of the Support Stiffness

The support stiffness significantly impacts the mechanical response
of the structure throughout the entire construction process, and its

Table 5. Calculation Cases of the Support Stiffness

Shotcrete Shotcrete Ultimate Allowable
thickness d,, stiffness k., bearing capacity  deformation/
/(cm) /(MPa/m) /(MPa) (mm)
37 276 1.040 3.76
32 237 0912 3.85
27 199 0.773 3.88
22 161 0.632 3.90
5g | 278
241
- 2.16
=20+
2
1.61
1.6 F u
12k 114
3I? 3'2 2I'.-‘ 2I2
i (€m)
(b)

Fig. 14. Support Stress Development Curves and Safety Factors of the Shotcrete with Different Structural Stiffness: (a) Stress Development Curve,

(b) Safety Factor
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unreasonable allocation can lead to adverse application effects. If
not allocated properly, the support stiffness may fail to satisfy the
load-bearing requirements, or may result in a waste of resources.
Herein, the support stiffness is regulated by adjusting the structural
thickness, and the impact of support stiffness on the stress level and
safety factor is analyzed. The calculation cases are listed in Table 5,
presenting the structural stiffness, ultimate bearing capacity, and
allowable deformation of the shotcrete based on Egs. (11) — (13).
Fig. 14 shows the stress development curves and safety factors of
the shotcrete with different structural stiffness.

As depicted in Fig. 14(a), the stress of the shotcrete increases
sharply within 3 m behind the tunnel face, then stabilizes as the
distance from the tunnel face grows beyond 18 m; The final
stress of the shotcrete progressively grows as its thickness
decreases. When d;,, is 22 c¢m, the final stress nears the ultimate
bearing capacity (0.632 MPa), registering at 0.556 MPa. As
depicted in Fig. 14(b), the safety factor of the shotcrete declines
notably with decreasing thickness. As dj,,, decreases from 37 cm
to 22 cm, the corresponding safety factors are 2.78, 2.16, 1.61,
and 1.14, respectively, which highlights the impact of the
shotcrete thickness on structural safety.

6.4 Sensitivity Analysis of Support Design Parameters on
the Mechanical Response of Surrounding Rock and
Supports

Sensitivity analysis is an essential approach for evaluating system

stability by determining how changes in parameters affect the

system's behavior, which is critical in assessing the impact of
parameter disturbances on system characteristics (Zhou et al.

2020). The initial install locations and stiffness of the supports

are the critical parameters affecting the effectiveness of tunnel

support. Therefore, the system characteristics comprise surrounding
rock deformation and support stress, and the influencing parameters
consist of steel frame stiffness £,,,, shotcrete stiffness £, 1nitial
install location of the steel frame x;,,, and initial install location of
the shotcrete x;. Following the sensitivity analysis procedure used by
Jiang et al. (2023), the sensitivity coefficients for various system
characteristics can be derived, as listed in Table 6. The average
sensitivity coefficients for surrounding rock deformation, steel frame
stress, and shotcrete stress are utilized as the comprehensive
assessment index for the supporting effect's sensitivity. This
approach determines the sensitivity order of supporting effect to
each design parameter as follows: Initial install location of
shotcrete > Initial install location of steel frame > steel frame
stiffness > shotcrete stiffness. Hence, the initial install location of

Table 6. Sensitivity Coefficients for Various System Characteristics

each component of the support system should be taken as the
crucial design parameter.

7. Comparison of the Effects of Different Support
Methods

The staged support installation method entails creating an unbraced
section and a low-stiffness support section behind the tunnel face,
which can partially release the deformation of the surrounding
rock to alleviate the pressure on the support system. To emphasize
the benefits of the staged support installation method, this section
compares the practical effects of the traditional support installation
method with those of the proposed method. The two methods are
presented as follows: the traditional method entails applying the
steel frame and shotcrete simultaneously at the tunnel face, as
shown in Fig. 15(a) and satisfies x;, = x; = 0 m and dj;,,, = 37 cm,
while the staged support installation method depicted in Fig. 15(b)
involves creating an unbraced section and a low-stiffness support
section behind the tunnel face, and satisfies x;,;, = 0.4 m, x;, = 1.2 m,
and d,,, = 27 cm.

The surrounding rock deformation and support stress for each
method are obtained by the proposed analytical solution. For the
traditional method, the shotcrete stress is 0.374 MPa, the safety
factor is 2.78, and the radial displacement of the inner wall is 67 mm.

Steel frame _
S

F

Shotcrete
Heading direction
 —

Xy =% =0m,d,, =3Tcm

(a)
Y . X,
Steel frame - M
)
T :
# K
Shotcrete
o Heading direction
x,=04m,x, =12m. d, =27cm —
¢ Supported by the steel “No artificial

frames support

(b)

Fig. 15. Diagram of the Two Support Installation Methods: (a) Traditional
Installation Method, (b) Staged Installation Method

Sensitive coefficient St.eel frame Shotcrete stiffness Initial install location Initial install location
stiffness Ay Khot of steel frame x;,; of shotcrete x;

Surrounding rock deformation 0.021 0.003 0.306 0.015

Steel frame stress 0.206 0.090 0.228 0.546

Shotcrete stress 0.265 0.129 0.174 0.541

Average 0.164 0.074 0.236 0.367
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In contrast, for staged support installation, the shotcrete stress is
0.232 MPa, the safety factor is 3.33, and the radial displacement
is 77 mm. It can be found that despite the shotcrete thickness of
the second method being 10 cm less than that of the first method,
the structural safety can be effectively guaranteed, and the
deformation control effect does not degrade significantly. These
results emphasize that the staged installation method can strike
the perfect balance in terms of support bearing safety and
deformation mitigating effects by adjusting the initial install
location of each component. Moreover, this method can ease the
load requirements for the support by utilizing the load-bearing
capacity of the surrounding rock, reducing support thickness and
thereby contributing to cost savings in engineering projects.

Based on the above analysis, it can be considered that the
proposed model can be applied to obtain the mechanical response of
the surrounding rock and artificial supports of the tunnel buried
in red sandstone stratum when the support systems are installed
in stages, which has the potential to overcome the limitations of
stiff support systems in coping with large deformation problems
of surrounding rock. In addition, the time-varying characteristics
of surrounding rock and support are not considered in the
theoretical derivation process, including the creep characteristics
of surrounding rock (Wu et al., 2022b) and the hardening
characteristics of shotcrete (Liu et al., 2023), which can be
further improved in the subsequent research.

8. Conclusions

In this paper, the advantages of staged support installation method in
enhancing the flexibility of the support system are analyzed.
Combined with the elastoplastic analysis of surrounding rock in
the red sandstone stratum, an analytical solution of interaction
between surrounding rock and support is proposed. After verifying
the rationality of the proposed solution, the influence of various
parameters on the supporting effect is systematically investigated.
The main conclusions are as follows:

1. The proposed analytical solution accounts for the intermediate
principal stress, dilatancy and strain-softening characteristics
of red sandstone, enabling a quantitative analysis of the
interaction between surrounding rock and supports. This
method offers a scientific guide for the staged installation
of artificial supports, which has the potential to overcome
the limitations of stiff support systems in coping with large
deformation problems of surrounding rock.

2. When employing the staged installation method, the
development trend of the steel frame stress shifts from rapid
development to basic stability upon shotcrete installation.
Postponing the initial install location of the steel frame can
reduce its stress level and increase the stress level of shotcrete,
whereas postponing the initial install location of shotcrete
has an inverse effect. Excessive delays in support installation
may cause the surrounding rock to enter the residual state
and generate additional pressure, which is detrimental to
structural safety.

3. The sensitivity order of supporting effect to each design
parameter is as follows: Initial install location of shotcrete
> Initial install location of steel frame > steel frame stiffhess >
shotcrete stiffness. The initial install location of each
component of the support system should be taken as the
crucial design parameter.

4. The staged installation method can achieve the optimal
balance between structural safety and deformation control
effects by adjusting the initial install location of the artificial
support. This method can ease the load requirements for
supports by utilizing the load-bearing capacity of the
surrounding rock, and achieve cost savings in engineering
by reducing support thickness.

Acknowledgments

This research was financially supported by the National Natural
Science Foundation of China (N0.51678498) and the High
Speed Railway and Natural Science United Foundation of China
(U1934213).

ORCID

Haiyan Xu @ https://orcid.org/0000-0003-3472-1036

References

Bernaud D, Quevedo FPM (2020) Analytical solution of deep tunnels in
a strain-hardening elasto-plastic rock mass. Latin American Journal
of Solids and Structures 17(6), DOI: 10.1590/1679-78256023

Chu ZF, Wu ZJ, Liu BG, Liu QS (2019) Coupled analytical solutions for
deep-buried circular lined tunnels considering tunnel face advancement
and soft rock rheology effects. Tunnelling and Underground Space
Technology 94:103111, DOI: 10.1016/j.tust.2019.103111

Chu Z, Wu Z, Liu Q, Liu B, Sun J (2021) Analytical solution for lined
circular tunnels in deep viscoelastic burgers rock considering the
longitudinal discontinuous excavation and sequential installation of
liners. Journal of Engineering Mechanics 147(4), DOIL: 10.1061/
(ASCE)EM.1943-7889.0001912

Deng CJ, Zheng YR, Wang K, Gao F (2009) Some discussion on the
dilatancy of geotechnical materials. Chinese Journal of Geotechnical
Engineering 27(3):283-287 (in Chinese)

Drescher A, Detournay E (1993) Limit load in translational failure
mechanisms for associative and non-associative materials. Geotechnique
43(3):443-456, DOLI: 10.1680/geot.1993.43.3.443

Duan SQ, Jiang XQ, Jiang Q, Xiong JC, Li CY (2023) Theoretical
solution and failure analysis of water pressure on lining of deep-
buried non-circular hydraulic tunnel based on the equivalent hydraulic
radius method. Engineering Failure Analysis 148:107163, DOL:
10.1016/j.engfailanal.2023.107163

Guo W, Gao Y, Wu XZ, Liu SY, Fan PX (2022) Elastoplastic analysis of
the enhancing mechanism of tensile performance of ductile thin-
walled circular tubes with internal support. Thin-Walled Structures
171:108694, DOI: 10.1016/j.tws.2021.108694

Hu XR, Yu MH (2005) Amendment of the twin-shear criterion and its
application to calculation of earth pressure. Chinese Journal of
Geotechnical Engineering 27(3):283-287 (in Chinese)


https://doi.org/10.1590/1679-78256023
https://doi.org/10.1061/(ASCE)EM.1943-7889.0001912
https://doi.org/10.1061/(ASCE)EM.1943-7889.0001912
https://doi.org/10.1680/geot.1993.43.3.443
https://doi.org/10.1016/j.engfailanal.2023.107163
https://doi.org/10.1016/j.engfailanal.2023.107163
https://doi.org/10.1016/j.tws.2021.108694
https://doi.org/10.1016/j.tust.2019.103111

KSCE Journal of Civil Engineering 5007

Huang SB, He YB, Liu GF, Lu ZX, Xin ZK (2020) Effect of water
content on the mechanical properties and deformation characteristics
of the clay-bearing red sandstone. Bulletin of Engineering Geology
and the Environment 80(2):1767-1790, DOI: 10.1007/s10064-020-
01994-6

Jiang YF, YuJY, Zhou P, Zhou FC, Lin JY, LiJY, Lin M, Lei FY, Wang
7J (2023) Influence of traffic on the temperature field of tunnel in
cold region: A case study on the world’s longest highway spiral tunnel.
Underground Space 8:196-209, DOI: 10.1016/j.undsp.2022.03.002

LiKS, Chen LX, Zhao Z, Liu CX (2023) Experimental investigation on
mechanical, acoustic, and fracture behaviors and the energy evolution
of sandstone containing non-penetrating horizontal fissures. Theoretical
and Applied Fracture Mechanics 123, DOI: 10.1016/j.tafimec.
2022.103703

Li WT, Li SC, Feng XD, Li SC, Yuan C (2011) Study of post-peak strain
softening mechanical properties of rock based on Mohr-Coulomb
criterion. Chinese Journal of Rock Mechanics and Engineering
30(7):1460-1466 (in Chinese)

Lin LB, Chen FQ, Lu YP, Li DY (2020) Complex variable solutions for
tunnel excavation at great depth in visco-elastic geomaterial considering
the three-dimensional effects of tunnel advance. Applied Mathematical
Modelling 82:700-730, DOI: 10.1016/j.apm.2020.01.070

Liu C, Zhang DL, Zhang SL, Sun ZY (2023) Interaction analysis between
composite supports and rheological rock considering progressive
hardening characteristic of shotcrete. Construction and Building
Materials 374:130876, DOI: 10.1016/j.conbuildmat.2023.130876

Luo Y (2018) Elastoplastic analysis on strain softening and fracture
expansion of roadway surrounding rock based on D-P criterion.
Journal of Safety Science and Technology 14(11):108-113, DOI:
10.11731/j.issn1673-193x.2018.11.017

Qiu JT, Shen YS, Zhang X, Zhang YF, Gan YH, Zhou XJ (2022)
Simplified method for predicting time-dependent behavior of deep-
buried tunnel considering tunnel excavation rate and stress release
effects. International Journal of Applied Mechanics 14(5), DOI:
10.1142/S1758825122500430

Riabokon E, Poplygin V, Turbakov M, Kozhevnikov E, Kobiakov D,
Guzev M, Wiercigroch M (2021) Nonlinear Young's modulus of
new red sandstone: Experimental studies. Acta Mechanica Solida
Sinica 34(6):989-999, DOI: 10.1007/s10338-021-00298-w

Sun ZY, Zhang DL, Fang Q, Dui GS, Tai QM, Sun FW (2021) Analysis
of the interaction between tunnel support and surrounding rock
considering pre-reinforcement. Tunnelling and Underground Space
Technology 115:104074, DOI: 10.1016/j.tust.2021.104074

Vlachopoulos N, Diederichs MS (2009) Improved longitudinal displacement
profiles for convergence confinement analysis of deep tunnels. Rock
Mechanics and Rock Engineering 42(2):131-146, DOI: 10.1007/
$00603-009-0176-4

Wang Q, Hu XL, Zheng WB, Li LX, Zhou C, Ying CY, Xu C (2021)
Mechanical properties and permeability evolution of red sandstone

subjected to hydro-mechanical coupling: Experiment and discrete
element modelling. Rock Mechanics and Rock Engineering 54(5):
2405-2423, DOI: 10.1007/s00603-021-02396-0

Wang ZJ, Xu JX, Xu JX, Zhou P, Xia Y, Li RY, Tang L (2018) Research
on the deformation characteristics of tunnel surrounding rock in
water-rich quaternary red sandstone stratum. Jowrnal of Railway
Engineering Society 35(9):54-60+109 (in Chinese)

Wen SY, Han LJ, Zong YJ, Meng QB, Zhang J (2013) Study on emission
characteristics of sandstone uniaxial compression test with different
moisture content. Coal Science and Technology 41(8):46-48+52,
DOI: 10.13199/j.cnki.cst.2013.08.016 (in Chinese)

Wu K, Shao ZS, Qin S, Zhao NN, Chu ZF (2022b) An improved nonlinear
creep model for rock applied to tunnel displacement prediction.
International Journal of Applied Mechanics 13(8):2150094, DOI:
10.1142/S1758825121500940

Wu K, Shao ZS, Sharifzadeh M, Hong SY, Qin S (2022a) Analytical
computation of support characteristic curve for circumferential yielding
lining in tunnel design. Journal of Rock Mechanics and Geotechnical
Engineering 14(1):144-152, DOI: 10.1016/j.jrmge.2021.06.016

Xu HY, Shao ZM, Wang ZJ, Cai LB, Li Z, Jiang XZ (2021) Sub-level
classification and prediction system of fully weathered red sandstone
rock mass based on physical property indices. KSCE Journal of Civil
Engineering 25(3):1066-1085, DOI: 10.1007/512205-021-0014-0

Yu MH (1994) Unified strength theory for geomaterials and its application.
Chinese Journal of Geotechnical Engineering 16(2):1-10 (in Chinese)

Yu DM, Fan YF, Duan JX, Luo XW (2013) Elastoplastic unified solutions
to deep-buried circular tunnels considering intermediate principal
stress. Journal of Shanghai Jiao Tong University 47(9):1447-1453,
DOI: 10.16183/j.cnki.jsjtu.2013.09.022 (in Chinese)

Zhang CG, Zhao JH, Zhang QH (2012) Convergence - confinement
analysis of deep circular rock tunnels based on unified strength theory.
Chinese Journal of Geotechnical Engineering 34(1):110-114 (in
Chinese)

Zhao NN, Shao ZS, Chen XY, Yuan B, Wu K (2022) Prediction of
mechanical response of “a flexible support system” supported tunnel
in viscoelastic geomaterials. Archives of Civil and Mechanical
Engineering 22(4), DOI: 10.1007/s43452-022-00485-7

Zhou H, Chen J, Lu JJ, Jiang Y, Meng FZ (2018) A new rock brittleness
evaluation index based on the internal friction angle and class I
stress-strain curve. Rock Mechanics and Rock Engineering 51(7):
2309-2316, DOI: 10.1007/s00603-018-1487-0

Zhou SY, Guo XF, Zhang Q, Dias D, Pan QJ (2020) Influence of a weak
layer on the tunnel face stability - Reliability and sensitivity analysis.
Computers and Geotechnics 122, DOL: 10.1016/j.compgeo.2020.
103507

Zhou P, Zhou FC, Lin JY, Li JY, Jiang YF, Yang B, Wang ZJ (2021)
Decoupling analysis of interaction between tunnel surrounding rock
and support in xigeda formation strata. KSCE Journal of Civil
Engineering 25(12):4897-4912, DOI: 10.1007/s12205-021-0618-4


https://doi.org/10.1007/s10064-020-01994-6
https://doi.org/10.1007/s10064-020-01994-6
https://doi.org/10.1016/j.undsp.2022.03.002
https://doi.org/10.1016/j.tafmec.2022.103703
https://doi.org/10.1016/j.tafmec.2022.103703
https://doi.org/10.1016/j.apm.2020.01.070
https://doi.org/10.1016/j.conbuildmat.2023.130876
https://doi.org/10.11731/j.issn1673-193x.2018.11.017
https://doi.org/10.11731/j.issn1673-193x.2018.11.017
https://doi.org/10.1142/S1758825122500430
https://doi.org/10.1142/S1758825122500430
https://doi.org/10.1007/s10338-021-00298-w
https://doi.org/10.1016/j.tust.2021.104074
https://doi.org/10.1007/s00603-009-0176-4
https://doi.org/10.1007/s00603-009-0176-4
https://doi.org/10.1007/s00603-021-02396-0
https://doi.org/10.13199/j.cnki.cst.2013.08.016 
https://doi.org/10.1142/S1758825121500940
https://doi.org/10.1142/S1758825121500940
https://doi.org/10.1016/j.jrmge.2021.06.016
https://doi.org/10.1007/s12205-021-0014-0
https://doi.org/10.16183/j.cnki.jsjtu.2013.09.022
https://doi.org/10.1007/s43452-022-00485-7
https://doi.org/10.1007/s00603-018-1487-0
https://doi.org/10.1007/s12205-021-0618-4
https://doi.org/10.1016/j.compgeo.2020.103507
https://doi.org/10.1016/j.compgeo.2020.103507

	Analytical Solution for Interaction between Tunnel Surrounding Rock and Supports in Red Sandstone Stratum
	ARTICLE HISTORY
	ABSTRACT
	KEYWORDS
	1. Introduction
	2. Mechanical Model of Interaction between Surrounding Rock and Supports
	2.1 Evolution Process of Interaction between Surrounding Rock and Supports
	2.2 Mechanical Model and Strength Criterion
	2.3 Mechanical Characteristics of the Artificial Supports Installed in Stages
	2.4 Quantitative Method of Virtual Support Force

	3. Elastoplastic Analysis of the Surrounding Rock in the Red Sandstone Stratum
	3.1 Solution of Elastic Zone
	3.2 Solution of Plastic Softening Zone
	3.3 Solution of Residual Zone
	3.4 Solution of Plastic Radius in the Plastic Zone

	4. Analytical Solution of Interaction between Surrounding Rock and Support
	4.1 Judge Theorem of the Interaction States and Corresponding Solution Formulas
	4.2 Analytical Solution of the Whole Process of Interaction between Surrounding Rock and Support

	5. Validation of the Analytical Solution
	6. Parametric Analysis
	6.1 Influence of the Initial Install Location of the Steel Frame
	6.2 Influence of the Initial Install Location of the Shotcrete
	6.3 Influence of the Support Stiffness
	6.4 Sensitivity Analysis of Support Design Parameters on the Mechanical Response of Surrounding Rock and Supports

	7. Comparison of the Effects of Different Support Methods
	8. Conclusions
	Acknowledgments
	ORCID
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


