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The Xigeda Formation has the characteristics of poor cementation, variable structure, and
softening in water. It is prone to lead to failure of the initial support structures, arch collapse,
and even roof fall. The key to the problem lies in the exploration of the interaction between
surrounding rock and support. Therefore, based on the constraint loss theory of the tunnel
face space effect, this paper constructively introduces multiple dependent variables, including
the intermediate principal stress, the dilatancy of the surrounding rock, the timeliness of the
shotcrete support stiffness, and the water content of the Xigeda formation, to decouple the
whole process of the interaction between the surrounding rock and support, and discusses the
influence of each variable. The research results show that: i) there is a critical support point in
the tunnel under the influence of the unified strength theoretical parameter b and water
content, and when the unified strength theoretical parameter b is constant, the critical
distance of the support will decrease with the increase of the water content; ii) from the
perspective of deformation control, the stress of support structure will increase with the
increase of dilatancy angle of Xigeda surrounding rock; iii) considering the hardening
characteristics of shotcrete, the initial support stiffness of Xigeda tunnel increases nonlinearly,
and the whole process of stress and deformation can be divided into four stages; iv) the
combined support structure of section steel and grille has little difference in the deformation
control effect of the surrounding rock and the stress of the support structure, but the
combined support structure of the grille steel frame is more sensitive to the hardening
parameters.

1. Introduction

poor cementation, variable structure, and softening in water.
There are a large number of tunnels passing through the Xigeda

With the rapid economic growth of cities in western China, the
transportation construction in the western mountain area has
ushered in an unprecedented development, the most typical of
which is the Chengdu-Kunming railway expansion and
reconstruction project (Chengdu-Kunming double track). There
is various unfavorable geology along the Chengdu-Kunming
railway, the most famous of which is the Xigeda formation. The
Xigeda formation, consisting of siltstone and clay rock, is a
famous half-diagenesis formed in different fluvio-lacustrine deposits
environments in southwestern China, with the characteristics of

formation in the Chengdu-Kunming double track (see Fig. 1),
Chengdu Kunming railway is the most famous railway line in
Southwest China. Most of the tunnels pass through Xigeda
formation. Taking the mileage section from Miyi to Panzhihua as
an example, there are 18 tunnels among which, 10 tunnels cross
Xigeda stratum, with a total length of 10.4 km, and the engineering
strength of the surrounding rock is acceptable in an environment
without water. However, under the double effects of groundwater
and excavation disturbance, the strength and stability of the
surrounding rock of the Xigeda formation decreases sharply due
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Fig. 1. Xigeda Formation Tunnel Project (Chengdu-Kunming double track)
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Fig. 2. Tunnel Engineering Disaster in Xigeda Formation: (a) Crashing Failure of Primary Support, (b) The Mudding of the Tunnel Face, (c) Tunnel
Entrance Collapse, (d) Vault Collapse, (e) Steel Frame Deformation, (f) Ground Surface Collapse

to the increase of water content, which is prone to the occurrence  even roof fall (see Fig. 2). Fig. 2(a) shows the partially mudding
of engineering disasters during tunnel construction, such as the  of the surrounding rock in Xigeda tunnel. Fig. 2(b) shows the
shotcrete cracked and dropped, steel frame deformation, collapse, mudding of the tunnel face. Fig. 2(c) shows the collapse



KSCE Journal of Civil Engineering 4899

phenomenon of Xigeda tunnel. Fig. 2(d) shows the vault collapse
of Xigeda tunnel. Fig. 2(e) shows the large deformation of the
steel frame. Fig. 2(f) shows the surface collapse. Therefore, the
special hydraulic properties of the Xigeda formation aggravate
the complexity of the interaction between surrounding rock and
support.

The traditional convergence-confinement method takes the
intersection of the ground reaction curve and the support reaction
curve as the equilibrium state of the surrounding rock and the
support, based on which, a large number of studies have been
conducted to investigate the support parameter design (Carranza-
Torres and Fairhurst, 2000; Lee and Pietruszczak, 2008;
Gschwandtner and Galler, 2012; Cui et al., 2014; Shishegaran et
al.,, 2020a; Shishegaran et al., 2020b; Naghsh et al., 2021;
Shishegaran et al., 2021a; Shishegaran et al., 2021b). Lee and
Pietruszczak (2008) first layered the plastic zone of the surrounding
rock according to the radial stress, then solved the stress and
strain of each layer by the finite difference method, and finally
obtained the plastic radius of the surrounding rock and the
displacement of the tunnel wall through iterative calculation. In
order to more reasonably reflect the nonlinear dilatancy of rock
mass, Cui et al. (2014) considered the nonlinear characteristics of
the dilatancy angle of surrounding rock changing with the
increase of plastic strain, and compared it with the constant
dilatancy angle model. Gschwandtner and Galler (2012) considered
the adaptability of the reinforcement effect of the system bolt and
the timeliness of shotcrete in the convergence-confinement method
of surrounding rock.

However, these studies adopt the linear Mohr-Couloumb criterion
and the nonlinear Hoek-Brown criterion without considering the
effect of intermediate principal stress. With the research on the
effect of intermediate principal stress, scholars have found that
ignoring the effect of intermediate principal stress will lead to
failure to fully utilize the strength potential of the surrounding
rock (Jin et al., 2019; Khalid et al., 2019; Kwong et al., 2019;
Shishegaran et al., 2019; Es-Haghi et al., 2020; Mortazavi et al.,
2020; Shishegaran et al., 2020c). In addition, due to the spatial
effect of the tunnel face, the stress release of the surrounding
rock is not complete, which affects the force of the entire support
system (Unlu and Gercek, 2003; Alejano et al., 2012). Therefore,
it is very important to determine the evolution law of stress
release during the excavation.

By reviewing literatures, it is found that there are many
limitations existing in the traditional convergence-confinement
method. It can neither well show the significant spatial effect of
tunnel excavation, nor can it clearly explain the interaction
mechanism between surrounding rock and support. Compared
with the traditional convergence-confinement method, the two-
stage analysis method is more reasonable, which regards the
spatial effect of the tunnel face as a virtual support pressure
(Osgoui and Oreste, 2009; Fahimifar and Ranjbarnia, 2009;
Carranza-Torres et al., 2013; Cui et al., 2015).

This paper proposes a numerical method for solving the
interaction process between the surrounding rock and the support

of the tunnel, which constructively considers the intermediate
principal stress, the dilatancy of the surrounding rock, the timeliness
of the shotcrete support stiffness, and the water content of the
Xigeda formation at the same time. Furthermore, taking the shale
sandstone Xigeda formation tunnel as the research object, the
interaction between surrounding rock and support is decoupled,
which means to decompose the support force acting on the
surrounding rock into the virtual support pressure and the
support reaction provided by the support structure. In addition,
systemic parametric analyses are performed to explore and
discuss the influences of various factors on the variation of
surrounding rock deformation and support stress, including the
unified strength theoretical parameter, dilatancy angle, support
stiffness, supporting opportunity, hardening properties and water
content. The research results in this paper can provide a
theoretical basis for excavation and support in the Xigeda
formation.

2. Tunnel Excavation Mechanics Model and Basic
Assumptions Based on the Spatial Effect of the
Tunnel Face

2.1 The Whole Process of Interaction between the
Surrounding Rock and Support during Tunnel
Construction

The spatial constraint effect of the tunnel face can be regarded as
the virtual support pressure applied to the inner wall of the
tunnel. As the distance from the tunnel face increases, the spatial
constraint effect of the tunnel face keeps losing, and the virtual
support pressure also decreases, then the release rate of surrounding
rock stress gradually increases. It can be seen that by quantifying
the spatial effect of the tunnel face into a virtual support pressure,
the quantitative analysis of the spatial constraint effect of the
tunnel face can be realized, and the three-dimensional tunnel
problems can be transformed into a plane state for the solution.
Based on the constraint principle of the spatial effect of the
tunnel face, the relationship between the surrounding rock and
the support at different positions can be equivalent to four
mechanical models in the longitudinal direction of the tunnel. At
the same time, it also represents the 4 stages of the interaction
between the surrounding rock and the support of the tunnel. as
shown in Fig. 3. Fig. 4 shows mechanical model of circular
tunnel, When the tunnel is excavated in the stratum with poor
rock mass, the surrounding rock will continue to deform under
constant stress after yielding, that is, the rock mass can be
regarded as an ideal elastic-plastic body. For the ideal elastic-
plastic rock body, the surrounding rock can be divided into two
areas. The rock mass near the free face reaches the yield strength
to form plastic zone or plastic flow area, and the deep part does
not reach the elastic zone of yield strength.

For areas that are not affected by the disturbance of tunnel
excavation, such as section 4— A4', it can be considered that
there is a supporting force equivalent to the stress of the original
rock acting around the tunnel, and the surrounding rock does not



4900 P Zhou etal.

Stable section with only
supporting force
D

Disturbed section with support

Disturbed section Undisturbed section

Support Tunnel face="
___________________ LA AR AN NN N | Lt t t
D' c (a) B’ A
Ly R Ly ViR Ny
-y e e e
—— / e s . / v
il T f . - f B, - R,
s F e
/ AN / LN AR /’la((
j‘r \ :-" 3\ If !/ \‘ \ !/ \
| | ]
P ; 1 P, + Pf ; l {\ P;’ Jr| j] f\ Py -:
\ \ \ /
y / N P N\
\ y \ y e N
~ 4 3 ,/ ~ //

(b)

Fig. 3. The Complete process of Interaction between Surrounding Rock and Support: (a) Tunnel Longitudinal Section, (b) The relationship
between Surrounding Rock and Supporting Force on Different Cross-Sections of Tunnel
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Fig. 4. Mechanical Model of Circular Tunnel: (a) Elastoplastic Partition,
(b) Stress-Strain Relationship

change in stress and displacement; when artificial support is not
applied in the tunnel face, such as section B — B’, the stability of
the tunnel depends only on the virtual support pressure P,
provided by the spatial effect of the tunnel face; when artificial
support is applied, within the effect range of the tunnel face, such
as section C — (', the virtual support pressure P,and the support
structure support force P, act together on the inner wall of the
tunnel; as the spatial effect of the tunnel face continues to
weaken, the virtual support pressure decreases and the support
reaction increases; when the distance is large enough, there is
only the support reaction P, of the support structure.

2.2 Mechanical Model and Yield Criterion of a Circular
Tunnel
When the size of the tunnel axis is much larger than the transverse

size, the three-dimensional problem can be regarded as a plane
strain problem, and the surrounding rock is in an axisymmetric
state, so the balance equation and geometric equation are
expressed in the cylindrical coordinate system as

do, o0,-0, 0,
dr r
gr:du,ggzz,‘S_,:O. @
dr r

When a circular tunnel with a radius of R, is excavated in the
hydrostatic in-situ stress field P, a force of P; applies to the inner
wall, and the plastic radius is R,, as shown in Fig. 4. Regarding
the surrounding rock as a homogeneous and isotropic ideal
elastic-plastic body, it obeys the unified yield criterion, the
equation is expressed by the internal friction angle ¢ and
cohesive ¢ of the material shear strength parameters as

(M

F(o;)=0,-4,0,-B,=0,

ust = r ust

(©)

where A, =[(2+b)+(2+3b)sing]/[2+b)1-sinp)], B.,=
[4(1+b)c cose]/ [(2+b)(1—sing)]. The unified theoretical
strength parameter b reflects the intermediate principal stress
effect of the surrounding rock. The larger the value of b, the more
significant the intermediate principal stress effect of the surrounding
rock, 0<bh<1.

The relationship between the radial strain and the tangential
strain in the plastic zone is obtained by using the non-associated
flow law as

“4)

gl + Pl =0,
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where  p=[(2+b)+(2+3b)siny]/[(2+b)(1-siny)], y is the
dilatancy angle of the rock, and is assumed to be a constant
value in the plastic zone.

2.3 Coupling Solution of the Virtual Support Pressure
The longitudinal deformation profile of the tunnel reflects the
longitudinal distribution of the radial convergence deformation
of the surrounding rock under the condition without support,
which is the release law of the tunnel displacement under the
spatial constraint of the tunnel face, and also reflects the
attenuation law of the virtual support pressure provided by the
spatial effect of the tunnel face. For the elastic stage, there is a
linear relationship between the displacement release rate and the
virtual support pressure. However, when the surrounding rock
enters the plastic deformation stage, there is a nonlinear relationship
between the displacement release rate and the virtual support
pressure. Therefore, the change law of the tunnel displacement
release rate cannot be completely equal to the change law of the
virtual supporting force. It can be obtained from the ground
reaction curve that the radial displacement of the surrounding
rock can be obtained by knowing the force of the inner wall of
the tunnel, and the supporting force applied to the inner wall of
the tunnel can also be obtained after the radial displacement of
the inner wall of the tunnel is known. Based on this, the coupling
solution method of the virtual support pressure can be determined,
as shown in Fig. 5.

For a certain location of the tunnel (such as point B), the radial
displacement of the inner wall of the tunnel without any support
structure is u,. The relationship between the radial displacement
of the tunnel and the support force can be solved to obtain the
support force P, when the radial displacement is u,, and the
support force at this time is provided by the spatial effect of the
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Fig. 5. Coupling Solution of Virtual Support Pressure

tunnel face, that is, virtual support pressure B,:be. This link
needs to determine the tunnel displacement release coefficient
prediction formula, that is, the LDP curve. The displacement
release coefficient based on the largest plastic radius of the
surrounding rock comprehensively considers the influence of
multiple factors and has a wider scope of application. The
displacement equation fitted by N. Vlachopoulos and M. S.
Diederichs based on a large number of finite difference method
simulation data is expressed as

up :%exp(fo.ISR*) (x=0)
u(x)= L;(x) =u; exp(x’) (x<0) ¢, (5)
u (x):L;(%)=l—(l—u;)exp[—l;f*](x20)

where the radial displacement ", plastic radius R, and the
distance to the tunnel face are all standardized forms, u (x) is the
displacement away from the tunnel face x, and u,,, is the
maximum radial displacement after the ground stress is completely
released, u, is the displacement release coefficient at the
position of the face; R'=R’™ /R,, R;™ is the plastic radius
when the supporting force is zero; x*=x/ R,, R, is the excavation
radius, x is less than zero refers to the front of the tunnel face, x
greater than zero refers to the rear of the tunnel face.

3. Ground Reaction Curve considering
Intermediate Principal Stress

The development of the ground reaction curve of the Xigeda
formation tunnel involves three processes (see Fig. 6). The AB
section represents the elastic stage. At the initial stage of tunnel
excavation, the surrounding rock is in the elastic stage, so the AB
section is a straight line with elastic behavior on the characteristic

\ P
A

Po

Elastic zone

' Loosening area

Plastic zone c

0 >
u

Fig. 6. Characteristic Curves of Surrounding Rock in Xigeda Formation
Tunnel
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Fig. 7. A Cross-Sectional Similarity Model of Xigeda Formation Tunnel

curve. The BC section represents the plastic stage. When the
surrounding rock is relatively poor, mudding in water or supporting
not timely, plastic zones will appear in the surrounding rock of
the tunnel. At the same time, the plastic deformation behavior of
the surrounding rock will be prominent, and the deformation
around the tunnel will be accelerated on the characteristic curve.
The CD section represents the disturbed zone. When the plastic
zone of the surrounding rock of the tunnel develops to a certain
stage, there will be relaxation within a certain range of the
contour around the tunnel. The greatest feature of the disturbed
zone is that the surrounding rock pressure belongs to loosening
pressure, and at this time the formation pressure acting on the
support is the sum of the deformation pressure and the loosening
pressure. If support not timely, the surrounding rock will collapse.

The theory of solving the elastoplastic stress and displacement
of surrounding rock by circular tunnel section is relatively
mature. Since the height-to-span ratio of the Xigeda formation is
H/b=1157/1296 = 0.893, the surrounding rock contour is
approximated as a circle, as shown in Fig. 7. Therefore, the
equivalent circle method can be used to obtain the elastic-plastic
stress and displacement of the surrounding rock of the Xigeda
formation tunnel.

According to the similar geometric areas and equivalent
principle,

r=0b+H)/x, 6)
S=7ZT2’ (7)

where a is the approximate circle radius of the tunnel surrounding
rock in the Xigeda formation; x is the relation value between the
approximate circle and the actual contour height-to-span
parameter; S is the excavation area of the Xigeda formation,
taken as 124.67 m*.

By substituting the construction design value of the Xigeda
formation tunnel into the above formula, as shown in Fig. 8, the

H)/3.894

L

Fig. 8. Similar Circle Solution of Xigeda Formation Tunnel Section
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Fig. 9. Mechanical Model of Xigeda Formation Tunnel in Elastic-
plastic State

relationship between the approximate circle radius of the
surrounding rock contour of the Xigeda formation tunnel and the
actual contour height-to-span parameter is: a = (b+ H)/3.894.

The surrounding rock characteristics curve can be obtained
from the elastic-plastic theory of circular tunnel. Fig. 9 shows the
elastic-plastic mechanical model of Xigeda formation tunnel. In
the model, the irregular tunnel section is replaced by the
equivalent circle, which can be calculated by using the circular
hole model in the theory of elastic-plastic mechanics to obtain
the deformation characteristics of surrounding rock under the
redistribution of stratum stress after excavation of Xigeda
formation tunnel.



KSCE Journal of Civil Engineering 4903

3.1 Solution of Elastic Zone

Under the elastic-plastic state of Xigeda formation tunnel (see
Fig. 9), let the tangential stress and radial stress at the elastic-
plastic boundary be o, o, respectively. The stress and radial
displacement at any point in the elastic zone around the tunnel
can be determined by elastic theory:

o, =P ~(B-0")(R,/r)

, ®)
O'QU:PO+(R)—0',‘_'”)(RP r)
B-c”)R: _ E
] ©

where G, E, and v are the shear modulus, elastic modulus, and
Poisson's ratio of surrounding rock respectively. Substituting into
the yield criterion Eq. (3), the radial stress at the elastic-plastic
boundary can be obtained:

ef' = (2P Buv/ )/(1 + Anxl ) N (10)

The radial stress at the elastic-plastic boundary can be understood
as the minimum support resistance Pj;, in the elastic zone after
excavation.

3.2 Solution of Stress and Plastic Radius in the Plastic
Zone

Assuming that the surrounding rock parameters in the plastic

zone do not change, the radial stress and tangential stress in the

plastic zone are denoted by o, and o,,, and any point in the

plastic zone satisfies the static balance Eq. (1) and the yield

criterion (3), and solve simultaneous equations can be obtained:

(1D
From the boundary conditions r=R,, o, =F, the integral
constant C can be determined, and the stress in the plastic zone

can be simplified as

(4 =Crhe.

ust

fl)arp +B

ust

0, =(P.+ccotp)(r/R, )C

—ccotp }

, (12)
Gy =A (P +ccote)(r/R, )™ ~ccotp
where C,, =[4(1+b)sing|/[(2+b)(1-sing)|. The radial
stress at the elastic-plastic boundary not only satisfies the elastic
condition but also satisfies the stress formula of the plastic zone.
Therefore, combining Eq. (8), the plastic zone radius can be
obtained:

@ 4 cooto )V

o +cco

R =R,|Erecote )
P +ccotp

3.3 Solution of Radial Displacement of Surrounding
Rock under Elastic-Plastic State

A plastic zone with a radius R, is formed in a certain range

around the tunnel. The strain of the surrounding rock in the

plastic zone consists of elastic strain and plastic strain, that is,

(13)

e =¢ +¢&’, g, =¢g,+ &l . The surrounding rock in the plastic
zone obeys the generalized Hook law, namely

& =(4v)[(1-v)(0, = B)-v(o, - B)] E| (14
=(1+v)[(1-v)(o, - R)-v(o. - R)]/ E

From Eq. (4), the following is obtained:

£+ Pe,=¢c+Pey + el + Pel =€ +Pe, . (15)

By substituting Eq. (2) into Eq. (15), the following is obtained:

g,+ﬂgozﬂ+ﬂﬂzg:+ﬂg;. (16)
dr r
Solve the differential equation and consider the radial
displacement u =u" at the elastic-plastic boundary »=R, to

obtain:
ﬂf S + fe, dr+ue”(R /r)

u”=(P,-o?)R,[(2G). (18)

Combine Eq. (14) and Eq. (17) to obtain the displacement
solution of the surrounding rock plastic zone (Zhang and Zeng,
2015):

) (17)

[
U=—r
2G
Cl=|:l _(l + Au:[)v + ﬂ(Au:[ - Au:[V_V)]/(ﬂ+ Cusr + 1)
C,=(2v-1)[B, +ccotp]

C,=PR -0’ -C, (af” +ccot(p)— C,

P[Cr (B + cootp) + Cr 4 CRI

(19)

The above formula is a unified solution for the displacement
of the circular tunnel surrounding rock considering the dilatancy
of the plastic zone and the real elastic strain. When » = R, Eq.
(19) reflects the relationship between the radial displacement at
the inner wall of the tunnel and the support reaction. The
dilatancy angle w of the plastic zone of the surrounding rock can
be obtained by conventional geotechnical tests or by empirical
methods.

3.4 Solution of Radial Displacement of Surrounding
Rock in the Disturbed Zone

As the plastic zone of the surrounding rock develops, the stratum
surrounding the tunnel will produce loose pressure on the lining,
so the formation pressure acting on the lining under the third
stress state ought to be the sum of the deformation pressure and
the loosening pressure. As shown in Fig. 6, the pressure in the
disturbed zone shows a rebound uptrend.

For circular tunnels under hydrostatic pressure, assuming that
the stratum disturbed zone is the concentric circle of the tunnel
and the body force is distributed along the radial direction, the
loosening pressure can be obtained by the static equilibrium
condition of the unit body on the vertical axis:
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(20)

1 52
r nw r
P, =—ccotp+cot - + 1= — .
0 ? (/’[R,,J ﬁ—2[ [RJ,] 1

From Eq. (12), the displacement solution of the disturbed
zone around the tunnel under the action of the uniform load P, is

p+1
L),
2G r

4. Decoupling Analysis of Interaction between
Surrounding Rock and Support

@1

4.1 The Analytical Process of the Whole Process of

Interaction between Surrounding Rock and Support
Based on the unified solution of the radial displacement of the
circular tunnel, considering the hardening properties of shotcrete,
this paper analyzes the interaction process between the tunnel
surrounding rock and the support. The specific implementation
steps are as follows:

1. Based on the unified strength theory, considering the
influence of the intermediate principal stress and dilatancy
on the deformation of the tunnel surrounding rock, use the
calculation of radius for equivalent circle to convert the
non-circular tunnel section into a circular tunnel section
with an equivalent radius, and establish the corresponding
convergence curve of the surrounding rock of the circular
tunnel so that the deformation of surrounding rock is a
function of supporting force as u=f, , (P);

2. Select a reasonable prediction formula for the longitudinal
deformation of the tunnel, such as the displacement release
coefficient formula based on the maximum plastic radius,
as shown in Eq. (5);

3. Assuming that the support is erected at a distance of L,
from the tunnel face, and this position is taken as the
selected section, the initial radial displacement u,,; of the
surrounding rock during support is obtained from the
displacement release coefficient formula;

4. Taking time ¢ as the basic variable, and taking the time
when the support structure is just constructed as zero time,
let the tunnel is advancing at the excavation speed V" and the
time increment as A¢, so at the time #,, the distance between the
tunnel face and the selected sectionis L, =V -z, + L;

5. At a position L, far away from the tunnel face, calculate the
radial displacement uy, without support according to the
displacement release coefficient formula (5), and obtain the
virtual support pressure of the tunnel face P, =/ (u f‘")
by coupling the longitudinal deformation profile and the
ground reaction curve;

6. Determine the support stiffness of the primary support at
time #,. The integral support stiffness of the shotcrete and
steel frame combination is calculated as follows:

K/a/ (tn) = k:lm/ (tn ) + k:s/ . (22)

At time f,, the support force of surrounding rock can be
regarded as the virtual support pressure P;, generated by the
spatial effect of the tunnel face and the support resistance Py, of
the actual support structure. After the support structure is applied,
the deformation increment of surrounding rock is consistent with
the support deformation, so the radial displacement value of
surrounding rock can be obtaine:

Uyt (B, =P,

tot,n n fan
:f;lsl (RT = Pf.n + klul (tn ) : (uml.n - uini ))

Repeat steps (4) — (7), the virtual support pressure decreases
gradually, and the support resistance increases continuously.
Finally, when the virtual support pressure can be ignored, the
surrounding rock and the support reach an equilibrium state, and
the support resistance in the equilibrium state is P,,.

P
+P.) (23)

4.2 Mechanical Characteristics of Primary Support

The strength of shotcrete depends on the hydration degree. With
the progress of hydration, its strength and elastic modulus will
increase, and finally stabilize. In the early stage of support, the
insufficient strength of shotcrete increases the possibility of
structural failure. Therefore, the hardening properties of shotcrete
should be considered when analyzing the mechanical capability
of tunnel support. Use the equation proposed by Weber and
Potter to describe the hardening law of shotcrete (Einstein and
Schwartz, 1979)

Oy (1) =0 (l - e"g’)
E,, ()=E(1-e")|’

where op and E, are the final compressive strength and elastic
modulus of shotcrete respectively, & and f are the hardening
time constants, usually o =p.

It is not necessary to consider the mesh reinforcement when
calculating the support stiffness of shotcrete, but when adding
section steel frame and grid steel frame to the shotcrete, it is
necessary to consider the superimposition effect of the two types
of support at the same time. The stiffness of the primary support
can be solved according to the thick-walled cylinder problem of
the elastic theory

24)

Exhu/(su/) (tn)[Rz - (R - tsho[[sc/) )2:|

(1 + V:ho/(:el) ) R|:(R - t:hol(sfl) )2 + (1 - 2Vsho/(:r.’l) ) R2:|

» (25)

ksho/ (set) (ln ) =

where R is the outer diameter of the cylinder, &, ...> Equitoenr>
Vo> and £, are the supporting stiffness of the shotcrete or
steel frame, elastic modulus, Poisson's ratio and equivalent
thickness, respectively, and the parameters of the shotcrete are

related to time.

4.3 Analysis of Interaction between Surrounding Rock
and Support

During the elastic-plastic analysis of the surrounding rock, the
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surrounding rock may only produce elastic deformation, or it
may produce both elastic deformation and plastic deformation.
Therefore, there are two different situations in step (7) of the
analysis process of the interaction between the surrounding rock
and the support. Whether the surrounding rock produces plastic
deformation during the primary support can be judged by the
critical support force, that is, comparing the virtual support
pressure Py;,; and Py, of the tunnel face at the support position, so
it is divided into the following two categories:
1. The surrounding rock only produces elastic deformation
during support, thatis, P, . > B, .
The distance between the selected section and the tunnel
face is L,, and the inner wall of the tunnel produces elastic
deformation u,, , under the combined action of the virtual
support pressure P;, and the support reaction P,, provided
by the primary support. It expresses
iy = (V) (B =P =P )Ry E (26)

tot,n

At this time, the radial displacement at the outer diameter
of the primary support is uf%‘n, and the support resistance
P is

s,n

R,n :Kraf (tn ) ’ uj?o,n :Kmr (tn) ’ (uriu‘,n - uini ) > (27)
where w,, =u,,, {1 —[l —%exp(—O.ISR*)}exp(—l.SLo /R )}

Start

u,. 1s the maximum radial displacement of the inner wall
of the tunnel without support; u; , should not be greater
than the maximum elastic displacement u,,, of the support
structure, and uj , can be obtained from the maximum
support force and the support stiffness.

Correspondingly, the virtual support pressure P, at a
distance of L, from the tunnel face can be obtained by the
following formula:

P, =B =2G-up, /Ry (28)
where 5, =, {1 —[1 ’%exp(*OJSR*)}exp(q.5Ln / R.;m)} .

Substituting Eq. (28) and Eqg. (27) into Eq. (26), respectively,
the analytical solution of surrounding rock deformation
when supporting in the elastic stage is obtained:

7P0_P +Kmf (tn)'uini

e fin

oo =756 R, +K, (1)

29)

L, should be within the influence range of the spatial effect
of the tunnel face, and L, can be determined by the
advancing speed: L =V -, .

. The surrounding rock produces elastic-plastic deformation

during support, thatis, P, . <P

Jini lin *

For the selected section whose distance to the tunnel face is

Input surrounding rock material parameters: £, v, C, @, ¥, b. Tunnel excavation
radius: R,. Initial geo-stress P,. Shotcrete parameters: E,j,1 Vipors Ies . Steel frame

parameters: E.p, Vier, Hoers Byers Asery dyer.

|

Regarding the initial position of the support as the study section, the initial radial
displacement #,,; of the surrounding rock is determined by the distance L, from the

tunnel face, and take this moment as the initial time #,.

Time increment is 47. The time of step n is t,=t,+n-AT. The distance between the

section and the tunnel surface is L,.

The support stiffness at time ¢, is calculated according to

Eq. (18). The virtual support force Py, of the tunnel face at
time ¢, is calculated according to Eq. (22) or Eq. (26).

According to Eq. (23) or Eq. (27) the radial displacement u,,, ,
of surrounding rock at time ¢, is calculated, and the support
resistance P, , is obtained by substituting the calculation
results into Eq. (19) or Eq. (25).

Virtual support force P;, = P’

|

|
When the surrounding rock is in
balance  with the supporting
structure, the supporting force is
P.4. The radial displacement of the
supporting Structure is e, =t o-tjp;.

Fig. 10. Solving Procedure

n=n+1l
-

Y

The Supporting
structure radial Displacement

U =imo

|
N

¥
Failure of supporting structure
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L,, the tunnel produces elastic-plastic deformation u?, ,

under the combined action of the virtual support pressure

Py, and the support resistance P,,, then the displacement

calculation formula for the inner wall of the tunnel at this

moment is expressed:

ur =LR0"’ C.R/" (me +P, +cCOt(0) . (30)
T2G +C,R”" + C, R

When the radial displacement at the outer diameter of the
primary support is u}, ,, the support resistance P, can be
obtained:

Ps,n :K/ol (tn ) : u;(,,n :Klol (tn ) : (ulﬁl,n - uin[ ) ° (3 1)

Correspondingly, the virtual support pressure Py, at a
distance of L, from the tunnel face L, can be solved by the
following formula:

B+l
A 7LR*ﬂ Gk, (Pf_"+ccot¢))

= (32)
2G| 4R R

Eq. (32) is a transcendental equation, which cannot give an
analytical solution, but the numerical solution of Py, can be
obtained through numerical analysis methods.

Substituting the calculated virtual support pressure and support
resistance into Eq. (32), the analytical equation of surrounding
rock deformation when supporting in the plastic stage is
obtained:

r L -B C‘IIQO)BJrl |:Pf‘n + K/ol (tn ) : (u/Z/‘n T Uy ):| (33)
u/ol,n - 2G RO gl Bl Bl .
+CR"" -ccotp + R + CyR)

Equation (33) is also a transcendental equation, and the
surrounding rock displacement can also be solved by
numerical analysis.

The above analysis process of the interaction between
surrounding rock and support of the tunnel is realized by
MATLAB programming, and the solution process is shown
in Fig. 10.

5. Analysis of the Whole Process of Interaction
between Surrounding Rock and Support of
Tunnel in Xigeda Formation

Taking the shale sandstone in the Xigeda formation of the new
Chengdu-Kunming Railway expansion and reconstruction project
as the research object, analyze the whole process of the interaction
between the surrounding rock and the support of the tunnel, and
focus on the influence law of various factors on the analysis
results. Physical and mechanical parameters of the formation are
selected as shown in Table 1.

5.1 The Influence of the Unified Strength Theoretical
Parameter B
When the intermediate principal stress effect in the rock mass is

Table 1. Physical and Mechanical Parameters of Shale Sandstone
Xigeda Formation Strata

Unit Elastic . , . Internal Dilatancy
Water . Poisson’s Cohesion .. .
content% Welgh‘[3 modulus ratio (kPa) friction angle

(kN/m’)  (E/MPa) angle (°) (V)
0% 19.5 32315 04 343.4 445 5.6
5% 19.5 31590 04 322.8 40.7 5.1
10% 19.5 308.00 04 302.1 36.8 4.6
15% 19.5 300.10 04 281.4 33.0 4.1
20% 19.5 29225 04 260.7 29.1 3.6
25% 19.5 203.00 04 196.3 24.8 3.1
26.6% 19.5 150.60 04 155.2 24.1 3.0

Note: 26.6% is natural moisture content.
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Fig. 11. Influence of Unified Strength Theory Parameter b on Tunnel
LDP Curve
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Fig. 12. Influence of Unified Strength Theory Parameter b on Virtual
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different, the range of plastic zone and stress distribution of the
tunnel surrounding rock will be different respectively, which
results in different displacement release rates at the same position,
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before Critical Point, (b) Support after Critical Point

affecting the size of the virtual support pressure in turn. Taking
25% water content of the surrounding rock as an example, analyze
the influence of the unified strength theoretical parameter b on the
tunnel LDP curve and virtual support pressure, the results are
shown in Fig. 11 and Fig. 12 respectively.

Analyze from Fig. 11, it can be obtained:

1. The influence of the intermediate principal stress on the
LDP curve is very significant. The smaller the intermediate
principal stress effect of the surrounding rock is, the larger
the plastic radius of the surrounding rock and the radial
displacement of the inner wall of the tunnel will be, and the
LDP curve uplifts overall.

2. At twice the tunnel diameter from tunnel face, when b is 0,
0.5, and 1, the displacement release rate is 75.24%, 81.96%,
and 84.54% respectively, that is, the displacement release
rate will increase with the increase of b.

3. When b = 1, the influence range of the tunnel face spatial
effect is about 2.5 times the excavation diameter. When b =
0, the tunnel face spatial effect disappears after about 4
times the tunnel diameter. The greater the intermediate
principal stress effect of the rock, the more forward the
position where the tunnel displacement tends to be stable,
and the smaller the influence range of the spatial effect of
the tunnel face.

According to Fig. 12, the virtual support pressure distribution
curves with different b values have intersection points at 0.8
times the tunnel radius. These intersection points are called the
critical point of support, and the distance between the critical
point and the tunnel face is called the critical distance. Before the
critical point, the virtual support pressure increases with the
increase of parameter b. After the critical point, the larger b is,
the smaller the virtual support pressure is. Analysis of the
reasons shows that for a certain section before the critical point
of the support, although the displacement release rate will
decrease with the decrease of b, the maximum tunnel wall

displacement will increase accordingly. When the maximum
tunnel wall displacement has a stronger influence, the cave wall
displacement will be greater, and the corresponding virtual
support pressure will be smaller. When the distance from the
tunnel face is far, the stress release of surrounding rock with
stronger intermediate principal stress effect has been basically
completed, so the corresponding virtual support pressure is
smaller.

When erecting the support, the value of the virtual support
pressure directly affects the force of the support structure. The
development curves of the supporting reaction when the steel
composite support structure is erected before and after the
critical point are shown in Fig. 13 respectively.

Figure 13 reflects the segmentation of the influence of the
intermediate principal stress effect on the support force. The final
force state of the support structure is positively correlated with
the virtual support pressure when the support is erected. When
the support is erected before the critical point, the stronger the
intermediate principal stress effect of the surrounding rock, the
greater the virtual support pressure, and the greater the support
force of the support structure. On the contrary, when the support
is erected after the critical point, the virtual support pressure and
the ultimate support reaction of the support structure increase
with the weakening of the intermediate principal stress effect of
the surrounding rock. Therefore, when designing the support
structure, truthfully considering the intermediate principal stress
effect of the surrounding rock can fully utilize the self-bearing
capacity of the surrounding rock, and can also guide the support
design more effectively.

5.2 The Influence of Dilatancy Angle

The dilatancy of surrounding rock mainly affect the deformation
of the plastic zone, especially at the inner wall of the tunnel. The
dilatancy of surrounding rock do not affect the plastic radius, so
in the same location of the tunnel, different dilatancy angles do
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Fig. 14. Influence of Dilatancy Angle on Development Curve of Virtual
Support Pressure and Support Counter-Force

not change the displacement release coefficient. During the
tunnel excavation, excessive deformation of the surrounding
rock is not allowed, but the tunnel deformation will increase with
the increase of the dilatancy angle, and the impact is very
significant. Therefore, it is necessary to analyze the influence of
the dilatancy angle on the interaction between surrounding rock
and support from the perspective of deformation control. Taking
the relative deformation value » / R,=1.58% of surrounding rock
as the starting point of support, the influence of different
dilatancy angles on the development curve of virtual support
pressure and support reaction is shown in Fig. 14.

It can be seen from Fig. 14 that when the dilatancy angle is 0°,
5° and 10°, the final reaction of the support structure is 0.483
MPa, 0.502 MPa and 0.522 MPa respectively. Therefore, the
greater the dilatancy angle is, the greater the virtual support
pressure during the erection of the support structure is, and the
greater the supporting force of the final support structure is. On
the one hand, the design of the support structure considering the
dilatancy of the surrounding rock can accurately predict the
degree of deformation of the surrounding rock, on the other
hand, it also makes the surplus safety performance of the support
structure more abundant.

5.3 The Influence of Support Stiffness
At present, the primary support steel arch of the tunnel mainly
uses the grid steel frame and the section steel frame. Due to the
difference of the support stiffness, the control effect and the
application scope of the two on the surrounding rock deformation
are different. The support reaction and virtual support pressure
distribution curves of different combined support structures and
the deformation distribution curves of the support structure are
respectively shown in Figs. 15 and 16.

According to Figs. 15 and 16, the final force of the primary
support of different steel arch types will also be different. Since
the support stiffness of the section steel frame is greater, the
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Fig. 15. Influence of Stiffness on Distribution Curve of Virtual Support
Pressure and Support Counter-Force
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Fig. 16. Influence of Stiffness on Deformation Distribution Curve of
Support Structure

support reaction will also be greater. When supporting immediately
after excavation, the ultimate support force provided by the
combined support structure of section steel frame is only 0.6%
greater than that of the combined support structure of grid steel
frame. When the support structure is erected at a distance of 2 m
from the tunnel face, the gap between the two is even smaller. At
the same time, the two types of support will also differ in the
control of surrounding rock deformation. The deformation of the
combined support structure of section steel frame is smaller than
that of the grid. When supporting immediately after excavation,
the former is 9.7% smaller than the latter. When the support is
erected at a distance of 2 m from the tunnel face, the former is
10.2% smaller than the latter.

5.4 The Influence of Supporting Opportunity

In fact, the final force of the support structure is mainly related to
the virtual support pressure at the primary support position, that
is, the influence of supporting opportunity is very severe. The
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support reaction distribution curve and the support structure
deformation curve of the combined support structure of section
steel frame under different supporting times are shown in Figs.
17 and 18.

From Figs. 17 and 18, it can be seen that the primary support
position has a significant impact on the force and deformation
of the support system. Immediately supporting after excavation, the
support force provided by the final support system is 1.9 and 4.4
times that of x =2m and x = 6m, respectively. Although premature
support will make the support system bear greater load, the
control effect on surrounding rock deformation will be better.
When the primary support distance is x =2m and x =6m, the
final deformation of surrounding rock is 1.60 times and 2.46
times, respectively. It can be seen that the closer the primary
support position is, the smaller the deformation of the
surrounding rock and the greater the force on the support
structure will be.
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Fig. 19. The Complete Process Curve of Virtual Support Pressure and
Support Counter-Force

5.5 Influence of Hardening Properties

Due to the hardening properties of shotcrete, the primary support
stiffness of the tunnel does not increase linearly. Fig. 19 shows
the whole development process curve of the virtual support
pressure provided by the spatial effect of the tunnel face and
support reaction of the section support.

Figure 19 shows the whole process of the change of the
support reaction P, and the virtual support pressure P, in which
the force and deformation of the support structure shows obvious
stages. In the initial stage of support construction, the stiffness of
the combined support system is low. Under the action of lower
supporting force, greater deformation will occur, and the support
reaction curve will be relatively flat, that is the slow growth stage
(4B). As the shotcrete continues to harden, the supporting stiffness
will increase rapidly in the short term. The virtual support pressure
also decreases rapidly, and the supporting force of the support
structure also increases rapidly, that is the accelerated growth stage
(BC). As time flows, the stiffness growth rate of the support
composite system slows down, the spatial constraint effect of the
tunnel face weakens, and the growth rate of the support force
slows down accordingly, that is the slowing growth stage (CD).
When the strength of the shotcrete gradually stabilizes, the
stiffness of the support composite system also remains the same,
then the structural deformation and the support force are in a
linear relationship, that is the final stabilization stage (CE).
Finally, support structure bears all the surrounding rock pressure,
and the surrounding rock and the support reach a equilibrium
state, that is the point £ in Fig. 19.

Both the hardening parameters of shotcrete and the stiffness
of the steel arch affect the force and deformation of the support
structure. In order to fully study the degree of influence, the
deformation distribution curves of the support structure under
different hardening parameters are drawn, as shown in Fig. 20.

The steel arch can provide support force immediately after
erection. Therefore, in the initial stage of support where the
shotcrete cannot meet the strength requirements, the steel arch
can bear the pressure of the surrounding rock and control the
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deformation of the surrounding rock. If the shotcrete hardening
rate is too slow or the excavation speed is too fast, the stress
release speed will be too fast, the early strength of the support
structure will be insufficient, and structural failure and damage
are prone to occur. Among them, the combined support structure
of grid steel frame is more sensitive to hardening parameters and
excavation speed due to lower stiffness. According to Fig. 20, for
the combined support structure of section steel frame, when the
hardening parameter is 0.01, the final deformation is increased
by 48.6% compared with the hardening parameter of 0.045.
When using the grid and shotcrete combination system, the
support structure fails to meet the safety requirements when the
hardening parameter is 0.01.

5.6 Influence of Water Content
The most notable feature of the Xigeda formation is mudding in
water, and its engineering mechanical properties are quite different
under different water content. Therefore, it is necessary to explore
the influence of water content on the interaction between surrounding
rock and support. In the above analysis of the influence of the
unified strength theoretical parameter b on the virtual support
pressure, it is pointed out that there is a critical support point and the
critical support distance. The critical distance under different
surrounding rock water content is calculated, as shown in Fig. 21.
When the water content of surrounding rock increases, the critical
position of support is closer to the tunnel face. When the water
content is 0%, the critical distance is 2.77 times the tunnel radius.
When the water content increases to 26.6%, the critical distance
decreases to 0.65 times the tunnel radius, which decreases by 76.8%.
In fact, this is related to the quality of the surrounding rock. The
higher the water content is, the worse the quality of the surrounding
rock is, the slower the stress release process is, and the intersection of
the corresponding virtual support pressure change curve will move
forward.

Not only does the influence of the intermediate principal
stress on the virtual support pressure have a critical support
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Fig. 21. Influence of Moisture Content on Critical Support Distance
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Fig. 22. Influence of Moisture Content on Virtual Support Pressure

point, but the influence of the water content also shows a similar
law. Fig. 22 is the distribution curve of the virtual support
pressure under different water content. According to the Fig. 22,
before the critical support point, the virtual support pressure
decreases with the increase of water content; after the critical
support point, the virtual support pressure increases with the
increase of water content, which means that when the support
structure is erected before or after the critical point, the water
content has a different influence on the virtual support pressure.

6. Conclusions

Based on the formation characteristics of the Xigeda formation,
this paper proposes a solution method to analyze the interaction
process between the surrounding rock and support of the tunnel.
Through decoupling analysis of dependent variables, the following
conclusions are obtained:
1. There will be intersection points in the virtual support
pressure variation curves of different parameters b, which
is called the critical support point. Before the critical point,
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due to the influence of the maximum displacement of the
tunnel wall, the virtual support pressure will increase with
the increase of the intermediate principal stress effect. After
the critical point, when the intermediate principal stress
effect of the surrounding rock is weak, the stress release
process is slower, so the virtual support pressure at the
same position will be greater.

2. When analyzing the influence of dilatancy from the perspective
of deformation control, the ultimate load of the support
structure will increase with the increase of the dilatancy angle.
Therefore, the dilatancy of the surrounding rock should be
considered reasonably when designing the support structure.

3. When considering the hardening properties of shotcrete, the
whole process of force and deformation of the combined
support structure of steel frame can be divided into four stages:
slow growth stage (4B), accelerated growth stage (BC), and
slow growth stage (CD) and the stabilization stage (CE),
which are determined by the shotcrete hardening parameters
and the virtual support pressure variation law.

4. The combined support structure of section steel frame and
grid steel frame has the same effect on the deformation
control of the surrounding rock, and the force of the support
structure is also relatively small. Due to lower supporting
stiffhess of grille steel frame, it is more sensitive to hardening
parameters.

5. When the unified strength theoretical parameter b is constant,
the higher the water content, the worse the quality of the
surrounding rock, the slower the stress release process, and the
lower critical distance of support. At the same time, there is
also a critical point in the influence of water content on virtual
support pressure, and the change law of virtual support
pressure is opposite before and after the critical point.
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