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Abstract. The [BQ] method is a rock mass classification method to evaluate the quality of the rock mass and determine the
construction parameters. This method is more empirical and cannot provide predictions for the deformation of tunnels after
excavation. To predict the surrounding rock deformation of deep-buried tunnels by using the [BQ] method in China, first, data
of 52 tunnels were collected and analyzed to determine the relationship between the grades of the surrounding rock, excavation
method, burial depth, tunnel span, and surrounding rock deformation. Second, the equivalence of different surrounding rock
grades to the range of geological strength index (GSI) scores were determined using methods, such as fitting GSI to another
classification system RMR and RMR to BQ, and considering the correction factors of BQ values. This approach provides the
basis for theoretical calculations based on the Hoek—Brown strength criterion. On the basis of the Hoek—Brown strength
criterion, a theoretical approach to the deformation of surrounding rock under three failure models, namely, elastic—brittle—
plastic, strain-softening, and elastic-perfectly-plastic, is presented when considering the installation time of primary support and
the volumetric force of bolts. Finally, the theoretical approach is analyzed and compared with the measured data to verify its
feasibility. Moreover, the effects of burial depth, grades of surrounding rock, support parameters, support time, and deformation
allowance of the surrounding rock are analyzed. Analysis results can provide some guidance for the prediction of surrounding
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rock deformation of deep-buried tunnels in China.
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1. Introduction

Deformation of surrounding rock has been a core
research area in tunnel engineering (Graziani et al. 2005,
Park 2017, Ranjbarnia et al. 2020). Although deformation
of surrounding rock is a mandatory measurement in tunnel
construction, local collapses caused by inadequate support
design are common. At present, the study of surrounding
rock deformation mainly includes monitoring,
measurement, numerical simulation, and theoretical
calculation; these approaches have played important roles in
engineering practice. Numerical simulation and field
monitoring analysis are common tools to ensure tunnel
construction safety (Bizjak and Petkovsek 2004, Barla ef al.
2010, Satici and Unver 2015, Kong ef al. 2020, Yertutanol
et al. 2020). However, numerical simulation and on-site
monitoring are used for specific projects. Thus, providing
reference for other tunnels to be built is difficult.
Theoretical methods are easier to summarize than other
methods and usually apply elastoplastic theory to deep-
buried tunnels. Thus, the object of this study includes deep-
buried tunnels. With regard to the theoretical results on the
deformation of tunnel surrounding rock, some scholars
provided analytical solutions for radial displacement of
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deep-buried chambers (Carranza-Torres and Fairhurst 1999,
Park and Kim 2006, Wu et al. 2021a, 2021b, 2021¢c, Zhou et
al. 2021). Moreover, the interaction between the
surrounding rock and support structure on this basis was
considered (Oreste 2003, Cui ef al. 2019, Wu and Shao
2019, Wu et al. 2020a, 2020b). However, at this stage, the
theoretical results require detailed parameters of
surrounding rock to predict the deformation that they
produced. This task consumes considerable human and
material resources. Therefore, summarizing the overall
deformation pattern of the tunnel is urgently required.

To control the deformation of the surrounding rock, the
Chinese tunnel specifications generally classify the different
tunnel sections into different grades to determine the
support design. The classification advantage of the
surrounding rock grades is that the discontinous fissures,
surrounding geological environment, and other conditions,
which can be used to estimate the support design, are
considered. At present, with the vigorous development of
highway and railway construction in China, a large number
of mountain tunnels have been built and a wealth of
measured data has been accumulated. Thus, the foundation
for the study of the different surrounding rock grades in
accordance with the overall deformation behavior in tunnel
sections has been laid. Fang et al. (2014) compiled data on
the convergence of surrounding rock deformation in some
mountain tunnels in China and obtained the relationships
between deformation and factors, such as surrounding rock
grade and tunnel excavation size. However, the obtained
deformation characteristics of the surrounding rock do not
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Fig. 1 Deformation monitoring values of tunnel for different

surrounding rock grades

provide predictions for other tunnel deformation. Therefore,
providing a prediction method for deformation of
surrounding rock in conjunction with theoretical
calculations is necessary.

Moreover, many factors affect the deformation of
surrounding rock, mainly including the grades of
surrounding rock, burial depth, section size, and other
parameters. The parameters, such as burial depth and
section size, are often reflected in the theoretical methods.
However, surrounding rock grade cannot be directly applied
because the theoretical method requires specific
surrounding rock parameters. The methods of surrounding
rock classification mainly include RMR method, Q-system
method, [BQ] method, and GSI method (Bieniawski 1973,
Barton et al. 1974, Hoek 1994, National Standards
Compilation Group of People’s Republic of China 2014).
RMR, Q-system, and BQ cannot be directly applied to the
theoretical calculation, whereas GSI is an important
parameter of Hoek—Brown strength criterion. Therefore,
other surrounding rock classification methods can be
theoretically calculated by converting GSI values. The
results of the Hoek—Brown strength criterion application to
the theoretical approach to obtain surrounding rock
deformation are as follows. Ground reaction curves were
obtained by Park et al. (2008) using strain incremental
method. Osgoui and Oreste (2010) provided a solution for
the surrounding rock deformation under bolts action by
using the Hoek—Brown strength criterion. Cui ef al. (2020)
solved the surrounding rock deformation under the elastic—
brittle—plastic, strain—softening, and elastic—perfectly—
plastic models by conducting a two—stage analysis.
Therefore, the Hoek—Brown strength criterion is applicable
to solve the deformation of tunnel sections with different
grades of the surrounding rock.

This study aims to statistically calculate the surrounding
rock deformation changes of typical deep-buried tunnels in
part of China and provide deformation solutions by using
Hoek—Brown strength criterion for elastic—brittle—plastic,
strain-softening, and elastic-perfectly-plastic models. The
study is expected to provide some guidance for the
deformation prediction of deep-buried tunnels in Chinese
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mountains by using the [BQ]
surrounding rock grades.

method to classify

2. Monitoring deformation analysis of deep-buried
tunnel

In this study, the deformation of deep-buried tunnels in
China based on the [BQ] method for classifying the grades
of surrounding rock with 178 sections in 37 tunnels will be
discussed, as shown in Table 1. The main construction
methods of deep-buried tunnels include full-section method,
two-step method and three-step method, and the excavation
method for part of the Class IIl and IV surrounding rock
sections is full-section method, and the three-step method is
mainly distributed in Class IV and V surrounding rock.

Fig. 1 shows the measured deformation values of the
tunnels in different grades of the surrounding rock. The
maximum value of the monitored deformation is 144 mm
for Class III, 419.3 mm for Class IV, and 1000 mm for
Class V. The full section method not only accelerates the
construction progress, but also reduces the deformation of
the surrounding rock, which is suitable for tunnel sections
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Table 1 Statistical samples of tunnel deformations
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Tunnel name Gradgs of Number of sections  Buried depth /m Span /m Construction Method
surrounding rock
Jinpin Tunnel il 14 500 ~ 2525 13 Two-step method
Yaojia Tunnel v,V 6 123 ~630 14.62, 6.75 Three-step method
A Highway Tunnel I 11 148.6 7.8 Three-step method
Fengxiangya Tunnel I 1 94 11 Two-step method
Gonghe Tunnel il 2 660, 700 14 Three-step method
Caishenliang Tunnel v,V 5 70 ~ 303 11.37 Three-step method
Alatan Tunnel v,V 2 66.19, 47.09 12 Two-step method
Zhegushan Tunnel I, IV, vV 14 410 ~ 980 9.8 Two-step method
Zoumaling Tunnel v 1 200 105 Two-step method
A tunnelolfn Ct:utiens:uthwest v, v 4 230 10 Two-step method
Xiwan Tunnel v,V 2 108, 189 145 Two-step method
Xinlian Tunnel v 7 228 13.2 Three-step method
Guanjiao Tunnel A% 1 340 10 Three-step method
Leigongshan Tunnel v 1 179 11.84 Two-step method
Luopin Tunnel v 1 435 12.42 Two-step method
Maoyushan Tunnel v 1 630 14.3 Three-step method
Miaoling Tunnel v, v 6 201 12.1 Two-step method
Zhongtiaoshan Tunnel v 1 175 12.8 Two-step method
Xishan Tunnel I 1 225.6 11.66 Full section method
Jiahuoyan Tunnel v 4 520 ~ 535 12 Full section method
Mayazi Tunnel v 4 213 11.3 Two-step method
Fuchuan Tunnel v 3 200 15.12 Three-step method
Wofoshan Tunnel A% 2 1045 11 Three-step method
Woushaoling Tunnel A% 2 1050 12.38 Three-step method
A tunnlsll In th? Qinling I 1 400 16.5 Two-step method
ountains
Zhongyi Tunnel v 4 1240 791 Two-step method
Badong Water-induced I 1 1190 12 Three-step method
Tunnel
Wuduxi Tunnel A% 2 1040 12.25 Three-step method
Guanshan Tunnel A% 2 831 7.6 Three-step method
Yanmenguan Tunnel A% 13 500 13.66 Three-step method
Dabanshan Tunnel il 1 480 12 Full section method
Hulushan Tunnel I, v 6 135 14.9 Three-step method
Erlanshan Tunnel I, IV 27 600 11.06 Full section method
Anfeng Tunnel il 6 134 ~369 145 Two-step method
Yuliao Tunnel il 7 103 ~143 16.6 Full section method
Gupanshan Tunnel I, IV 8 115~291 16.6 Two-step method
Dailing Tunnel I 4 67 ~ 90 14.5 Full section method

with good surrounding rock conditions. When the
surrounding rock conditions are very poor, the three-step
method, which is a step-by-step excavation, still cannot
effectively control the deformation of the surrounding rock.
Thus, the construction scale should be adjusted, ultra-short
step excavation should be performed, and the primary
support stiffness should be increased. Moreover, the two-
step method of excavation is not recommended for the
surrounding rock.

Fig. 2 shows that the deformation of the surrounding
rock tends to increase with the increase in burial depth. The
deformation of Classes IIl and V shows a linear change
with burial depth, and the deformation of Class IV has no
evident correlation with burial depth. The deformation of
Classes III, IV, and V is generally controlled within 150,
400, and 800 mm, respectively. Fig. 3 shows the

relationships between surrounding rock deformation and
tunnel section span, and no significant correlation is found
between span and deformation.

Since the criteria for surrounding rock classification in
China is different from those in the Europe and the United
States, the scores for classification grades based on the
[BQ] method in China can be equivalent to the GSI scores,
and the prediction of deformation for different surrounding
rock grades can be given based on the Hoek—Brown
strength criterion.

3. Equivalent analysis between [BQ] and GSI

[BQ] considers three coefficients as groundwater
conditions ki, orientation of weakness zone related to the
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excavation k; and in situ stress conditions ks. [BQ] can
generally be expressed by

[BQ]=BQ—100(k +ky+k3) (1)

where BQ stands for basic quality system.

Different surrounding rock grades in the [BQ] system
correspond to different [BQ] scores, such as [BQ]>550 in
Class I, [BQ]=550-450 in Class II, [BQ]=450-350 in Class
I11, [BQ]=350-250 in Class IV and [BQ]<250 in Class V.

The relationship between [BQ] and GSI scores has not
been summarized yet, but some scholars have summarized
the RMR system for surrounding rock classification in
European areas which the relationship between RMR and
[BQ] or GSI. According to the RMR system proposed by
Bieniawski (1976), the following relationship exists
between GSI and RMR.

GSI=RMR @)

Xu et al. (2014) studied the relationship between BQ
and RMR according to the equivalent principle of friction
angle and deformation modulus in rock mass, with the
following equation as follows.

BQ=170In 15+ 0.24RMR 3)
5.7-0.06RMR
The calculation of [BQ] is given by the Standard for
Engineering Classification of Rock Masses (2014), and
combined with Egs. (2) and (3), [BQ] can be expressed as

15+0.24GSI
5.7-0.06GSI

With regard to the values of ki, k» and k3, the Standard
for Engineering Classification of Rock Masses gives a
range according to different conditions. ki and k» can take
the mean value. According to the above-mentioned
monitoring tunnel deformation, high in-situ stresses are
dominated by soft rock tunnels. When the grade of
surrounding rock is in Class IV or above grade, k3 can take
a value of 0.5 and other surrounding rock grades get a value
of 0. Then the coefficient factors are as shown in Table 2.

Substituting the [BQ] ranges for different surrounding
rock grades into Egs. (3) and (4) yields the GSI ranges for
different surrounding rock grades, as shown in Table 3.

Hoek and Brown (1997) found that the post-peak
mechanical behavior of rock mass is related to the quality of
rock mass through extensive engineering practice. When
GSI>75, the rock mass exhibits elastic-brittle-plastic failure
characteristic. When 25<GSI<75, the rock mass exhibits
strain-softening characteristic. Moreover, When GSI<25,
the rock mass exhibits elastic-perfectly-plastic behavior.
Combined with Table 3, it is found that based on the [BQ]
method, the Class I of surrounding rock undergoes
bouncing and brittle destruction, while most of surrounding
rock plastic zones in Class II, IIT and IV exhibit strain-
softening. Some Class V sections of surrounding rock
exhibit strain-softening and another exhibit elastic—
perfectly—plastic behavior. Therefore, the corresponding
constitutive structure models for different surrounding rock

[BQ]=170In ~100(k; +ky +k3)  (4)

Table 2 Recommended values for correction factors

Grades of 1 I m vV
surrounding rock

ki 0.1 0.15 0.3 0.55 0.7

ka 0.3 0.3 0.3 0.3 0.3

ks 0 0 0 0.5 0.5

Table 3 Correspondence between GSI and [BQ]
Grades of
surrounding rock I 1 v v
[BQ] >550 550-451 450-351 350-251 <250
GSlI >77  T77-67 66-54 53-39 <38

Table 4 Correspondence between GSI and [BQ]

Class of rock I I il v \4 v
550- 450- 350- 250-
[BQl >80 51 351 o251 168 S1O7
_— Elastic- Elastic-
Constitutive . . .
brittle- Strain-softening perfectly-
model ) .
plastic plastic
ot
Elastic-perfectly-plastic
Strain-softening
Elastic-brittle-plastic
-8

Fig. 4 Three damage models of surrounding rock

grades can be further given, as shown in Table 4. The three
damage models are shown in Fig. 4. Therefore, it is
necessary to have a theoretical discussion on deformation of
surrounding rock to consider the post-peak damage
behavior.

4. Theoretical analysis
4.1 Basic assumptions

In order to facilitate the derivation of deep-buried
tunnels’ deformation at different grades of surrounding
rock, a number of assumptions are made as follows.

(1) Although the environment in which the rock mass
located is complex, the rock mass can be viewed as a
homogeneous, continuous rock mass and calculated by
using the Hoek-Brown criterion after equating the field rock
mass to the GSI. The mechanical behavior of surrounding
rock can be described in terms of elastoplasticity.

(2) A tunnel with a circular cross-section and its radius
is o .Tunnel is subject to hydrostatic pressure at infinity.

(3) The in-situ stress p, of tunnel is generally considered
to relate to the weight y of rock mass and burial depth H of
tunnel. The linkage formula is p,- yH.
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(4) Since the secondary lining is installed with the
tunnel deformation basic stability, then only the suppression
of surrounding rock deformation by primary support is
considered.

4.2 Basic guidelines

The Hoek-Brown strength criterion has been
continually revised to form the generalized Hoek—Brown
strength criterion, as follows (Hoek 2002)

a
o
0920r+aci(mb—r_+sJ (%)
ci

where, m;, S and a can be characterized by geological
strength index (GSI) as

I exp(GSl—lOOj ]

b =" 28-14D ©
s_exp(esplooJ ,

9-3D ™

a=ttlex (—_GSIJ—ex (_—20) 8
=276 P 15 Pl 73 ®)

where D is the factor that depends upon the degree of
disturbance by blast damage and stress relaxation, which is
regarded as O in this analysis.

GSI is a factor that is related to the degree of disturbance
caused by blast damage and stress relaxation. Cui et al.
(2017) had given the reasonable relationship between m;
and GSI by

m; =0.7375GS1%-7°8° ©)

4.3 Stress release coefficient of excavation face

The tunnel longitudinal excavation diagram is shown in
Fig. 5, the stress release coefficient on surrounding rock
affected by excavation surface in the 3D tunnel calculation
is taken into account. It can be seen that the radial stress of
surrounding rock in tunnel wall is not zero within a certain
range of the excavation surface, and the fictitious support
pressure is as follows.

p, (X)=[1-7(X)]p, (10)

where X is the axial distance between the monitored point
and the excavation face. y(X) is the stress releasing rate.

The stress of surrounding rock will be gradually released
during the advancement of excavation face, and the stress
release rate of surrounding rock can be expressed as follows
(Feng et al. 2009).

z(X)=1-e7" (11)

where La is the radius of influence of the excavation face,

Rock mass

L ]

Excavation|face
v

X X

Primary support

i)

P

Fig. 5 Longitudinal excavation model of tunnel

the recommended value is 0.7.
4.4 Case 1(Elastic-brittle-plastic)

Combined with the stress release coefficient of three—
dimensional excavation of tunnel, the stress and
deformation in the non—anchorage—elastic zone after
primary support installed can be expressed as

r
O-lel(x)po|:1+r5;:|_o-rl_0rh; (12)

e = (1+/J)|:Z(X) Po _O-rLo]E
B E r

where o'fl and 021 are the radial stress and tangential

stress in the non-anchorage elastic zone, respectively. £ and
w1 represent the elastic modulus and Poisson's ratio of the

surrounding rock, respectively. O, is the radial stress at

the elastoplastic boundary. Lo represents the distance
between the distal ends of bolts and the center of the tunnel.

Equilibrium differential equation for considering bolt
volume force after bolts installed is as follows.

do, +O'r—0'g_ﬂ_0
dr r S,S, (13)

When the strain of bolts after installation is taken into
account, T, can be expressed as
Tr :EbAbgr (14)

According to the generalized Hooke’s law, the stress-
strain formula of the anchorage elastic zone is as follows.

1_ 2
e=—tlo - H & (15)
E 1-u

The relationship between stress and deformation of
anchorage elastic zone can be modified as

__EBl-p) fdu, pu
T@+m@-2u)\dr 1-pr
EQ-4)

(16)
o = u, _u du
© O +p)d-2u) [ rol-u drj
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Combining Egs. (14) and (15) and (16), the result is
organized as

d®u du
A&F+%E+%u:o (17)

where A; and A; are given by

A+)A-2) s, E Sys, E (1-2u)
g E1# 2 [1_ o 1_E#2j
A+u)1-2p) $4S, (19)

JEA uEQ-p  E
S, E (1-2p)  (+u)
Since the deformation at boundary condition /=R, is

equal, the displacement of the non-anchorage-elastic zone
can be expressed as

i+2
ueZ:
(R
. (20)
{Zﬂ—luﬂ P (X)}Lo::ﬁ
LA-m)L,

i+
(Rt
A
The anchorage-plastic zone has a compatible equation
expressed as

Pl pl_ opl
dep L0 & _

=0 21
dr r @1

The anchorage-plastic zone is divided into m rings and
where the boundary conditions elastoplastic junction and
tunnel wall are the Oth and mth rings, respectively. Then the
plastic strain relationship between the jth ring and the j-1th
ring is

o L
€y = Co(i + Aéu(j) 22)
PL o Pl AP
i) = Er(jny TRE)
Eq. (21) can be rewritten as
pL_ _pt pL_ pt
Sg(j) gg(j—l) 59(]) 5r(j) _ (23)
R=rs o (r+r,)/2

The effect of rock expansion after brittle destruction of
surrounding rock is taken in account. Then the equation is

Aéf(;)+ahey;, =0 (24)

For analysis of Former's test data (Former 1988), o
generally gets a value from 1.30 to 1.50. So, a can be
preferably taken a value of 1.4.

According to Eqgs. (22), (23) and (24), the incremental
plastic tangential strain of the anchorage-plastic zone can be

obtained as follows.

r.—r.
grp1_7 _gp1_7 | -1
( (j-1) o(j l))(r.+r.1)/2
AeP = L (25)
o(j) r. —r.
1+2(1+a)—=
r+r.

The tangential strain of elastoplastic junction is equal
and there is

ue2

r=R, (26)
r

pl —
o)~
Then the deformation of plastic zone is
pL _| .pl p1
utt =[eft .y +Agl |n, 27)

In order to get the deformation of tunnel wall, the radial
stress in the anchorage-plastic zone is obtained firstly.
According to the combination of Egs. (5), (13) and (14), the
differential equation of equilibrium can be expressed as
follows.

Pl pl

O "% _EA

r(i)
= S,S,

pL pL « (28)

o to

ZO_Ci mk; r (j-1 r (j) +5
20, 0
r. 4T,

17

Rectifying Eq. (28), the relationship between 7; and 7;.;
can be obtained as

2
A, gr(j{ij +(2H" —Aar)i—

S,S, r. r._

0 j-1 j-1 (29)

E

{ 1a3 Eu) +(2H" +Aar)}:0
SGSZ !
O_pl _ +O_p1 ) al
where H'=c,| m, 4 T g and
20,

AG, =0, () = Oy -

The Eq. (29) is a quadratic equation with 7;/r.; as the
unknown variable. According to the root formula, r/r;.; can
be found as

[ZHr—Ao-rT—4 A £

Sé)sz
—[ZHF—AGF + £
Ay, +[2H +80,]F GO)
r, s,5, 'V r
0z 0>
rJ—l EbAl &
s,s, ')

The radius of the plastic zone R, can be found by Eq.
(30). ased on boundary conditions

Urpl(o)zo-rez r=R, ’ Gfl(m):pi(x) (31
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Fig. 6 Schematic diagram of the plastic zone micrometeors

Pi(X) is related to the support stiffness and deformation,
then Pi(X) can be given by

pi(x):Kallu?l‘ j=m 32)

In upright Egs. (30), (31), (32), tunnel wall deformation

! and the plastic zone radius Rp can be obtained.

up
If no primary support installed, i.e., when Pi(X)=0, the

deformation at infinity from the excavation surface can be

obtained which can be recorded as u().

The empirical formula for deformation release factor given

by Carranza-Torres and Fairhurst (2000) is

A(X) ={1+ exp(—xﬂ_L7 (33)

1.10

If the distance from the excavation surface is X;j, the
deformation of the surrounding rock before the primary
support installed can be given by

U =2(X,)u(x) (34)
Then, the total deformation is

Uy =U + unpwl (35)

4.5 Case 2 (strain-softening)

The plastic zone is still generated in surrounding rock
after the primary support installed, and the deformation of
non-anchorage-elastic zone and anchorage-elastic zone are
calculated according to Egs. (12) and (20).

The anchorage-plastic zone is divided into n concentric
micro-element rings, as shown in Fig. 6. It is assumed that
the radial stress o, decreases uniformly along each ring,
from the elastoplastic interface r=Rp to the distal ends of the
bolts r=R,. The increment of radial stress named Ag, can be
expressed as

AC, =0, = O (36)

For the ith ring strain in plastic zone, the strain relation
is as follows

Angy =Dy —As 37

The strength parameters m,, s and « are a piecewise

linear function of #. The expression is

a)p—(a)p—a)r)% O<n<n

(n)= (38)

o' nzn
Anchorage-softening zone has compatible equation as
follows

p2 p2 p2
de) LG —¢

r -0 39
dr r (39)
Eq. (39) can be rewritten as
2 2 2 2
gg(i) - gg(i—l) gg(i) - grp(i) _0 (40)
=ty (r+64)/2

The plastic strain of the ith ring and i-1th ring are as
follows.
{55(20 :‘gg(zi—l) +A€g?i) @1

p2 _ .p2 p2
&y = Eriioy + A&

In upright Eqgs. (37), (40) and (41), the increment of the
anchorage plastic tangential strain is found to be

p2 p2
2 _ 2(Sr(m) —&g(i-n) — Aﬂ(i))
A&y =

h+h,

(r-r.) (42)

Combining Eq. (37) with Eq. (42), the solution of
Aglty can be solved.

The deformation in plastic zone of the anchorage zone is
expressed as

uf? = (&5 + sy ) (43)

In order to get the deformation of tunnel wall, the radial
stress in anchorage-plastic zone is firstly obtained.
According to the combination of Egs. (12) and (14), the
differential equation of equilibrium is expressed as follows.

p2 p2
O iy TOr G
o . —o” 20 [mb 20, e E (44)
r iy "0 i _EBA -
rii) —
ia—h Gt S¢S,

Similar to Eq. (30), the relationship of #; and ri; can be
given by

2 E, A
[ZH—AO}] —4b &)

Sﬁsz
-[2H - Ao, |+ E
{b“b 6 +[2H + A0, ]} (45)
ri — SHSZ
ri—l EbAb E .
Sgsz r(l)
o L +oP? . :
where H=g,|m U2 10 ¢
20,

It is assumed that the fth ring of surrounding rock enters
plastic residual damage, Eq. (45) further gives the
relationship between the radius of the plastic zone R, and
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the radius of the residual zone Ry

2 E.A
[ZH —AO‘r] -4 S:SZ £xi)

-[2H -Ao, |+

EA g +l2H +A0r]} (46)
ﬁsz
&

{E
R f S
=11 E,

5,5, (i)
If only softening zone exists and combined of boundary
conditions

O'Ez(o)zarez R, ’ sz(n):pi(x) @47

The radius of the plastic softening zone R, and the
tunnel wall deformation uf® of surrounding rock can be
solved.

If a residual zone exists, considering the effect of rock
mass expansion, there is

A&l +ahe);, =0 (48)

According to Egs. (37), (38) and (43), the radial strain
increment of the anchorage plastic zone can be obtained as
follows.

p2

2 & _Epzif
AeP? =7( () = 1))(ri —riil) 49)
h+h,

The deformation expression of anchorage-residual zone
is consistent with Eq. (35).

In order to solve the tunnel wall deformation, the radial
stress in anchorage-plastic zone is firstly obtained, and
according to the combination of Egs. (5) and (13), the
differential equation of equilibrium can be expressed as

p2 p2
Orin "% EA e
i —Fh S¢S

p2 p2
o, into,
r r (i-1) r (i)
204 M) ————"+
20
+

] (50)
S
=0

Calculation of the relationship between R, and ro can be
done similarly to Eq. (46). It is important to note that the
residual region is not softened, then it can be written as

[2H" Ao }2_4%5,
[ZH AO' o
{ &y + 2H +Aco ]} ShH
r n
& EA

&x(i)

According to the boundary conditions
p2 — p2
uih =u™| g

fz(n) =p;(X) 52)

The softening zone radius R, the residual zone radius Ry
and the tunnel deformation u?” can be determined.

According to the [BQ] scores, corresponding to the
GSI scores with the constitutive model

|

Elastic-brittle-plastic

1s the constitutive structure model Elastic-perfectly-plastic

onsistent with the strain-softening mode

Input the basic parameters, according
to Eqs. (35), (46) and (51), the formula
between  the  surrounding  rock
deformation, plastic zone radius, residual
zone radius and support pressure can be
obtained

Input the basic parameters, according
to Eqs. (30) and (35), the formula
between  the  surrounding  rock
deformation, plastic zone radius and
support pressure can be obtained.

Input the basic parameters, according
to Eqs. (35) and (56), the formula
between  the  surrounding  rock
deformation, plastic zone radius and
support pressure can be obtained

Combining with Eq.(58), the tunnel
wall deformation can be solved.

End

Fig. 7 Flow chart of theoretical calculation

The total deformation is calculated similarly to Case 1
with reference to Egs. (34) and (35).

4.6 Case 3 (elastic-perfectly-plastic)

The plastic zone of surrounding rock manifests as the
elastic-perfectly-plastic failure. The deformation in elastic
and anchorage-elastic zones are consistent with Eqs. (12)
and (20), respectively. While no volume strain occurs in the
plastic zone, the deformation of tunnel wall after primary
support installed can be expressed as follows.

U (X, L) = (X R,) (53)
L,

The anchorage-plastic zone is divided into / rings, the
elastoplastic junction and tunnel wall are the Oth and /th
rings, respectively. The deformation calculation process of
anchorage-plastic zone is similar to from Eq. (40) to Eq.
(43), the final deformation can be expressed as follows.

Uliﬁ (Ea(k 1) +Agﬁ(k))rk (54)

To solve tunnel deformation and according to the
combination of Egs. (5) and (13), the differential equation
of equilibrium have the following differential expression.

p3 p3
O oy “% w0 _ EA s
Mo, —T 5,5, Frt
p3 p3 & (55)
o, nto .
20.(; ml; r (i-1) - r (i) +5
2o-ci
_ -0
rk71+rk

Similar to Eq. (46), the ratio relationship between R, and
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Table 5 Parameters determined by GSI

GSI o, IMPa E /GPa m, S (10%) a o, IMPa E'/GPa m;, §'(10%) a’
90 187.02 462.14 15.67 329.19 0.500 53.74 3.46 0.92 0.55 0.519
85 176.98 302.13 12.55 188.87 0.500 50.08 2.96 0.83 0.45 0.521
80 166.59 197.53 10.03 108.37 0.501 46.57 2.54 0.74 0.37 0.524
75 155.76 129.14 7.99 62.18 0.501 43.21 2.18 0.66 0.30 0.527
70 144.46 84.43 6.34 35.67 0.501 40.02 1.87 0.59 0.25 0.531
65 132.68 55.19 5.01 20.47 0.502 36.99 1.61 0.52 0.20 0.535
60 120.46 36.09 3.95 11.74 0.503 34.12 1.38 0.46 0.17 0.539
55 107.92 23.59 3.09 6.74 0.504 31.42 1.18 0.41 0.14 0.544
50 95.26 15.42 241 3.87 0.506 28.88 1.02 0.35 0.11 0.550
45 82.74 10.08 1.86 2.22 0.508 26.50 0.87 0.31 0.09 0.556
40 70.65 6.59 142 127 0.511 24.28 0.75 0.26 0.07 0.564
35 59.28 431 1.07 0.73 0.516 22.21 0.64 0.22 0.06 0.572
30 48.89 2.81 0.80 0.42 0.522 20.3 0.55 0.19 0.05 0.581
25 39.67 1.84 0.58 0.24 0.531 18.52 0.47 0.15 0.04 0.591
20 31.71 1.20 0.41 0.14 0.544 16.88 0.41 0.12 0.03 0.603
ro can be given by Table 6 Relationship between GSI and 7"
GSI 0~25 35 50 60 65 75 ~100
2 E.A .
[2H - Ao, ] —47 0 7 +o 01 001 0005  0.001 0
~[2H -Ag, ]+ "
| {ib:" Eri) +[2H + Aar]} (56) 5. Theoretical validation and impact factors analysis
ro _ 0%z
R_p B lkl E,A . 5.1 Theoretical parameter design
r(k)
%0, Section 3 has analyzed the relationship between the
Based on boundary conditions range of GSI scores and grades of surrounding rock. To
accurately analyze the influence of GSI on the deformation
uf® =R, =y R, =R (X) (57) of surrounding rock, it is necessary to clarify the
relationship between the GSI scores and the parameters
Then the plastic zone radius R, and the tunnel mp, S, 0, o and E. Relationship between my, s, a and GSI
deformation uf® can be determined. has been given in Egs. (2), (3) and (4), Hoek and Diederichs
The total deformation is calculated similarly to Case 1 (2906)’ Ajal.loeiar.l and Mohammadi (2014) have? given
with reference to Egs. (34) and (35). suitable relationship between o, E and GSI, respectively as
follows.
4.6 Method of support pressure calculation 0.5 exp(0.06GSI)
, , , = 0.0387 + 0.00474 exp(GS| / 18.9086) (60)
The primary support materials are considered to be
bolts, shotcret§ and steel arches. The c'ontact pressure E = 0.22exp(0.085GS|) 61)
between the primary support and surrounding rock, taking
into account the deformation allowance of the steel arch Cai et al. (2007) obtained the relationship between GSI*
installation, which is given as uy, is generally expressed as and GSI in residual zone based on in-situ rock shear tests as
follows.
GSI' =0.36GSI (62)
LX) = KA (X) + K, [A () ~ g (8) Then the relationship between the parameters and GSI
The expressions of K; and K are as follows. can be shown in Table 5.
For critical plastic softening coefficient 7", the
3 El(l’o2 —rf) relationship between GSI and 7°can be given as shown in
1 _ 2, 2 Table 6 (Cui et al.2019).
(+ ﬂl)[(l 24)1%5 + } (59) The value of #" can be determined by fitting.
Ks:% The radius of the tunnel section is set at 7o= 7 m with
S(r,—hy/2) reference to the monitoring section dimensions. Set the
weight of surrounding rock y=24 kN/m?, Poisson's ratio u=
Moreover, it should be noted that the values of m, n, and 0.25.

[ should be greater than 100 to ensure the accuracy of the
calculation. The specific calculation flow is shown in Fig.
7.

Moreover, the support parameters vary slightly
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Table 7 Design parameters for composite lining

Grades of Primary support
surrounding rock Thickness of shotcrete (C25/cm) Bolt Steel arch
Length/m  Inter-row spacing /m Section steel type steefgffﬁnsghgr f/m
| 6 / / / /
I 10 25 / / /
il 15 3.0 12x1.2 / /
v 20 3.5 1.0x1.0 Grille (150) 1.0
\% 25 4.0 0.8x0.8 Section steel (120a) 0.8
Table 8 Basic parameters of support structure 400
Support structure Parameter Value - 350
E1/GPa 25 I 1300
Shotcrete i 0.2 | R 1o £
ri/m 0.15 =
Ev/GPa 206 177 €
Bolt Ab/Cl’l’l2 12.56 Ny Monijored values - 150 §
Es/GPa 206 Toe 100
Steel arch Aser/em? 39.578 50
hiset /mm 200 s

Table 9 Deformation allowance of surrounding rock

Grades of surrounding rock | 1 il v \Y
Deformation allowance /mm  / 30 65 100 125

Table 10 Distance from excavation face to primary support

Grades of surrounding rock | 1 il v \Y
Xa/m 3 3 15 0 0

depending on the rock surrounding grades. With reference
to the Design Rules for Road Tunnels, and taking the design
parameters of the a three-lane tunnel composite lining as an
example. The types of support materials and the support
parameters of different surrounding rock grades (average
values) are shown in Table 7.

However, Table 7 does not specify the own parameters
of the support structure, and the specific parameters of the
support structures are given in Table 8 with reference to the
material parameters table.

The deformation allowance is taken as the mean value,
as shown in Table 9.

There is no specific guidance on support time of primary
tunnel installation for different surrounding rock grades.
Zhang et al. (2017) gave the primary support time through
the longitudinal deformation curves of tunnels with
different grades of surrounding rock. The distance of Class
I1, 11, and IV of surrounding rock between the excavation
face and primary support is +oo, 3.334 m, and 0 m,
respectively. Furthermore, the distance between Class | and
V surrounding rock and the excavation face is +oo and 0 m,
respectively.

Then recommended support time of primary support
installation can be shown in Table 10.

5.2 Comparative analysis of theoretical calculations
and measurements

Most GSI scores of the surrounding rock of Classes II1

(a) Class III of surrounding rock

7 550
] - 500
Monitored values 450

H . |
alculated values %0 E
3 —c 305
@ - 7 250 g
3 7 200 g

- 1200
-1 1100
- 1000

@2

Monitored values

LY

L

2

8
Deformation/mm

(c)Class V of surrounding rock

Fig. 8 Comparison of theoretical analysis and measured values

and IV conform to the strain-softening model, and the
deformation is calculated using the Case 2 theory. The
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Fig. 10 The effect of support parameters on the surrounding

rock deformation of tunnel

deformation can be averaged in accordance with the
theoretical calculations of Case 2 and Case 3. However, the
GSI scores corresponding to the Class V surrounding rock
partly conform to the strain-softening model and partly to
the elastic-perfectly-plastic model. For example, as shown
in Fig. 8, the measured deformation scores of some Class 111
surrounding rock sections are greater than the theoretical
calculation scores when the burial depth is less than 200 m.
However, the measured values are generally less than the
theoretical calculation values when the burial depth is
greater than 200 m. When the burial depth of Class IV
surrounding rock is less than 400 m, some sections are
destabilized and the deformation is much greater than the
theoretical calculation value, while the other measurements
are within the theoretical range. The theoretical deformation
calculation value of Class V surrounding rock is closer to
the average value of the tunnel-monitored deformation. In
general, the theoretical calculations are greater than or equal
to the measured data, validating the feasibility of Case 2
and Case 3 methods. Case 1 method is applicable to Class I
surrounding rock, and published literature about monitored
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1200 L Class IV of surrounding rock , u,=80 mm
= = Class V of surrounding rock , u,=100 mm
1000 L — Class III of surrounding rock , u;=80 mm
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Fig. 11 Effect of deformation allowance on tunnel
deformation for different surrounding rock grades
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Fig. 12 Effect of primary support time on tunnel
deformation for different surrounding rock grades

deformation of Class I surrounding rock is limited. Thus,
Case 1 calculations are analyzed using the influence of
deformation.

5.3 Parametric analysis of surrounding rock
deformation in deep-buried tunnels

The deformation errors at the boundaries of the GSI
scores of 25 and 75 in the three conditions are disregarded
in the lower surrounding rock grade. The deformation
values with burial depth for different surrounding grades are
shown in Fig. 9. Greater burial depth indicates greater
deformation. The larger grade of the surrounding rock
indicates greater deformation. Under the same burial depth,
the deformation of Class I is smaller than that of Class II.
This finding verifies the feasibility of the theoretical method
of Case 1. The influence of primary support parameters on
the deformation of the surrounding rock is shown in Fig. 10.
The distance between bolts, the distance between steel
arches, and the thickness of the shotcrete influence the
surrounding rock deformation. The thickness of the
shotcrete has the greatest influence. Therefore, for the weak
surrounding rock, increasing the primary support stiffness
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Fig. 13 Range of tunnel deformation with burial depth for
different surrounding rock grades

can effectively prevent the surrounding rock destabilization.
Fig. 11 shows the influence of the deformation allowance
on the surrounding rock deformation. The figure shows that
the weaker surrounding rock indicates larger influence of
the deformation allowance on the surrounding rock
deformation. The deformation allowance of the surrounding
rock should be reasonably designed to avoid excessive
deformation or excessive force on the primary support. Fig.
12 shows that the smaller distance between primary support
and excavation surface indicates smaller deformation of the
surrounding rock. However, it has limited effect on
suppressing deformation.

5.4 Prediction of surrounding rock deformation with
different surrounding rock grades

Fig. 13 shows the variation of the tunnel deformation
with depth for different surrounding rock grades. As the
depth of the tunnel increases, the deformation of the
surrounding rock increases. With a depth of less than 300
m, the deformation of the surrounding rock does not exceed
150 mm. In addition, for a depth of more than 900 m, the
deformation of the surrounding rock can exceed 600 mm.
The depth of the tunnel with high in-situ stress should be
500 m to limit the deformation of the surrounding rock and
ensure the safety of projects.

It is important to note that the results of the study are
applicable to deeply buried mountainous tunnels based on
the [BQ] method for classification of the surrounding rock
grades.

6. Conclusions

The factors influencing the tunnel deformation at
different surrounding rock grades were demonstrated by
systematically analyzing the measured data on the
surrounding rock deformation of deep-buried tunnels. The
surrounding rock deformation at three cases was analyzed
on the basis of the Hoek—Brown strength criterion. The
following conclusions were drawn.

* The measured deformation values of Class III and
Class IV surrounding rock are generally smaller than the
theoretical calculation, and the average measured
deformation values of Class V surrounding rock are closer
to the theoretical calculation. What can be further predicted
is that the measured deformation values of Class I and Class
II are smaller than the theoretical calculation. Therefore, the
tunnel deformations calculated on the basis of the Hoek—
Brown strength criterion are in good agreement with the
measurements.

* The deformation of Classes III, IV, and V surrounding
rock is generally controlled within 150, 400, and 800 mm,
respectively in the measured deformation data. To
effectively control the deformation of the surrounding rock,
the full-section method can be used to excavate Class III
and above, and the three-step method should be used to
excavate Class V. For the weak surrounding rock with high
in-situ stress, ultrashort step excavation should be used. As
the grade or depth of the surrounding rock increases, its
deformation increases. This deformation is relatively related
to the tunnel span.

* The support parameters influence the deformation of
the surrounding rock, and the shotcrete thickness greatly
influence the deformation compared with other support
parameters. The amount of deformation allowance greatly
influences the surrounding rock deformation, whereas the
primary support time has limited influence on the
surrounding rock deformation. The deformation allowance
of weak surrounding rock should be reasonably designed.

* The greater tunnel depth indicates greater deformation
variation in different surrounding rock grades. Maximum
surrounding rock deformation should be predicted from the
tunnel section with greater burial depth on the basis of the
surrounding rock grade as a support design reference. It can
greatly limit the deformation of the surrounding rock from
the viewpoint of improving the support rigidity. The
deformation prediction of the different surrounding rock
grades can provide some guidance for tunnel construction.
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