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To study the mechanical responses of large cross-section tunnel reinforced by pretensioned rock bolts and anchor cables, an
analytical model is proposed. Considering the interaction between rock mass and bolt-cable support, the strain softening
characteristic of rock mass, the elastic-plastic characteristic of bolt-cable support, and the delay effect of installation are
considered in the model. To solve the different mechanical cases of tunneling reinforced by bolt-cable support, an analytical
approach has been put forward to get the solutions of stress and displacement associated with tunneling. The proposed analytical
model is verified by numerical simulation. Moreover, parametric analysis is performed to study the effects of pretension force,
cross-section area, length, and supporting density of bolt-cable support on tunnel reinforcement, which can provide references
for determining these parameters in tunnel design. Based on the analytical model, a new Ground Response Curve (GRC)
considering the reinforcement of bolt-cable support is obtained, which shows the pretension forces and the timely installation are
important in bolt-cable support. In addition, the proposed model is applied to the analysis of the Great Wall Station Tunnel, a
high-speed railway tunnel with a super large cross-section, which shows that the analytical model of bolt-cable support was a
useful tool for preliminary design of large cross-section tunnel.
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Introduction [2]. From the 1970s up to today, the rock bolt has been

In recent years, with the development of underground en-
gineering, the design and construction of large cross-section
tunnels have received extensive attention. With the increase
of tunnel dimension, the rock mass stress distribution due to
tunnel excavation would be more complex, and the de-
formation control of rock mass would be more difficult,
which has brought challenges to the design of tunnel support.

Rock bolt is a useful tool for tunnel construction, which
can considerably improve the stability of tunnel surrounding
rock [1]. The effective use of rock bolts for underground
structure support began in the 1940s in the mining industry
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widely applied in tunnel projects [3—5], and a series of stu-
dies on rock bolting have been carried out [6—14].

For large cross-section tunnels, attempts have been made
to improve the rock bolting technologies, such as the de-
velopment of long rock bolt, pretensioned rock bolt, and
pretensioned anchor cable [15-20]. However, due to the
complexity of geological materials and environments [21—
25], for tunnels with an even larger size or tunneling in un-
favorable geological conditions, the aforementioned rock
bolting method cannot satisfy the reinforcement require-
ments. To cater for this issue, a support system composed of
pretensioned rock bolts and anchor cables has been devel-
oped in tunnel construction. This combined support was first
used for the construction of coal roadways and hydropower
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station caverns [26,27], then it was adopted in the Wu-
mengshan railway tunnel and some others [28]. The previous
studies on the bolt-cable combined support mainly use nu-
merical simulation [29,30], field monitoring [31,32], and
model test [33]. Currently, few analytical solutions are sui-
table to investigate the interaction of the rock bolt, anchor
cable, and rock mass in tunnel construction.

In this study, we propose an analytical model of tunnel
reinforced by pretensioned bolt-cable support. First, we
propose analytical solutions for different mechanical cases of
the bolt-cable reinforced tunnel. The rock mass behaves as
strain softening material. The rock bolt and anchor cable
behave elastic-perfectly plastic. The delay effect of bolt-
cable support is considered by stress release method. Sec-
ondly, our proposed method is verified by numerical simu-
lation results. Thirdly, parametric analyses are performed to
study the pretension force, cross-section area, length, and
supporting density of bolt-cable support on the mechanical
responses produced by tunneling. In addition, the Ground
Response Curve (GRC) considering bolt-cable support is
also calculated, which can be used to facilitate the bolt-cable
support design in tunneling. Finally, the proposed analytical
model is applied to the analysis of the Great Wall Station
Tunnel and shows a satisfactory prediction ability in tunnel
construction.

2  Modelling of tunnel reinforced by preten-
sioned bolt-cable support

2.1 General assumptions

To obtain the closed-form analytical solutions, a deep tunnel
with a circular cross-section in plane strain condition is as-
sumed in this study. The rock mass is assumed to be
homogeneous, isotropy, under far-field hydrostatic stress py.
The pretensioned rock bolts and anchor cables are distributed
uniformly around the tunnel perimeter. As shown in Figure 1,
R, is the tunnel radius, and p; represents the internal support
pressure on tunnel circumference. Comparing with the pas-
sive rock bolt or anchor cable, pretensioned members have
better reinforcement effects on rock mass [27]. The preten-
sioned members consist of three parts: anchored length, free
length, and anchor head. The anchored length is firstly fixed
in the rock mass by grouting or mechanical anchorage. Then,
a tensile force is applied to the free length by hydraulic jack
which is attached to the anchor head. Consequently, the rock
mass is reinforced by the axial forces of rock bolt and anchor
cable at both ends of their free lengths.

The initial anchoring forces of rock bolt and anchor cable
are equal to their pretension forces (without considering the
loss of pretension forces), which are expressed as Fl0 and F2°,

respectively. Considering compatible deformation of the
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Figure 1 Circular tunnel reinforced by systematic pretensioned rock bolts
and anchor cables.

bolt-cable support and the reinforced rock mass, the an-
choring forces will increase with the development of rock
mass deformation until the rock mass stress and the an-
choring forces reach equilibrium. Accordingly, the anchoring
forces of rock bolt and anchor cable can be expressed as F)
and F,, respectively.

To simplify the analytical model, the uniformly distributed
pressures p,, p, and p,, p, are used to substitute for the
concentrated forces F; and F,. The p, and p, are applied at
R, and R,, respectively. Their relationships are as follows:

F,
P :ﬁ:llﬂa
. (1)
Py = m =1,F,
Pl =
1 IR_9
R @
_ 2
D> _sz_O’

where S, and S, are the tangential spacings; S, and S, are
the axial spacings; 4, and 4, are the supporting densities of
rock bolt and anchor cable. The relationship 1 =1/(S,S))
means: for a given value of supporting density 4, the tan-
gential spacing S, and axial spacing S, can be easily derived.

2.2 Delay effect and mechanical behaviors of preten-
sioned bolt-cable support

In practical engineering, considering the stress release in
tunnel excavation, rock mass deformation has been produced
before the installation of pretensioned bolt-cable support. It
is called the delay effect of installation. If this effect is ne-
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glected, the extension lengths of rock bolt and anchor cable
will be overestimated, and unreasonable values of F;, and F,
will be received. Therefore, the delay effect of the bolt-cable
support should be considered in the model [34, 35].

The most popular method to simulate the delay effect of
installation is the stress release method [36, 37]. In this pa-
per, it is called the ¢ method. According to the moment of
installation, this method consists of two stages: In the first
stage, the internal pressure ép, is applied to the perimeter of
the excavated tunnel, 0<&<1 is the stress release factor. At the
same time, the displacement %', occurs without rock mass
reinforcement. In the second stage, rock bolts and anchor
cables are installed. The stress {p, is shared by the rock mass
and bolt-cable support gradually. In this process, the rock
mass stress and the anchoring forces change together with
the compatible deformation of the reinforced rock mass and
the bolt-cable support until they reach equilibrium. This ef-
fect is the interaction between rock mass and bolt-cable
support. The relationship between &, u',, 4" is expressed in
eq. (3).

u () =u' (O +u" (), (3)

where u, is the radial displacement of the rock mass. The
value of ¢ depends on a series of factors, such as the con-
struction method, rock mass stiffness, plastic model, un-
reinforced tunnel range, tunnel section area.

It is assumed that rock bolts and anchor cables are axial
tension members and elastic-perfectly plastic materials.
Figure 2 shows their strain-stress relationship. Then, F; and
F, can be expressed as

0
F; +£l,r'EiAi9 g,; < 31,[;:

F=1" ; @)
Fi ’ 81,:'281,:"
where
0 —u
_ ALZ- _ rr=R0 rr=R,
LT L
P_10
gp:Fp—FiO_Aial,i F;
Li AE; AE,

4 -

& &l

Figure 2 Elastic-perfectly plastic model of rock bolt and anchor cable.
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_ |1, rockbolt,
! 2, anchorcable,

where ¢, ; is axial strain; ¢, is yield strain; E; is Young’s
modulus; 4, is cross-section area; L; is length; AL; is elon-
gation; F? is yielding force; ¢/, is yield strength; where the

superscript i represents supporting type of the parameter.

2.3  Failure criteria of rock mass

The rock mass is assumed as a strain softening material, as
shown in Figure 3. During loading, the rock mass originally
behaves linear elastic until the principal stress difference
reaches the peak strength. The physical equation of elastic
zone can be expressed as

&, = 26 1(1=9)(0,~ py) ~ (a5 —py )], “
£9= 56 [(1 = V)0, ~py) = W(o,~ )],

where G = E/[2(1 +v)] is the shear modulus of rock mass; £
is Young’s modulus; v is Passion’s ratio; o, and o, are the
tangential and radial stress components respectively; ¢, and
g, are the tangential and radial strain components, respec-
tively.

Then, the rock mass exhibits a strain-softening behavior
that its strength reduces with the increase of principal strain.
Ultimately the principal stress difference reaches the residual
strength, which means the rock mass transit into the plastic
residual state. It is assumed that the rock mass follows the
Mohr-Coulomb criterion that contains two shear strength
parameters, internal friction angle ¢, and cohesion c. The
general form of Mohr-Coulomb strength criterion in a polar
coordinate system is as follows:

0y= 0o, ta, (6)

01 -03

Oc A Strain softening

Elastic

Plastic residual

'y

™

Figure 3 Strain softening constitutive model of rock mass.
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where a = (1 +sing) / (1 —sing), and g, = 2ccosg / (1 — sing)
is the uniaxial compressive strength.

According to a series of laboratory experiments, it is
proved that the loss of cohesion is the origin of strength loss
throughout the plastic softening state [38, 39]. Moreover,
their experiments show that ¢ decreases with the develop-
ment of plastic strain, while ¢ is nearly a constant. In the
following discussion, for the strain softening behavior of
rock mass, the cohesion ¢ is assumed to reduce with the
increase of tangential strain, as expressed in eq. (7). Mean-
while, the internal friction angle ¢ is assumed to be constant.

c=c,—Kgj, (7
where K is the cohesion softening modulus; ¢, is the cohe-
sion at peak strength; ¢ » is the tangential plastic strain. Based
on eq. (6), the Mohr-Coulomb strength criterion of plastic
strain softening state can be expressed as

O0p = A0, + acp _Mcgép’ (8)

where 0., = 2¢,c08p / (1 —sing) is the peak strength, and
M, = 2K cosp/ (1 —sing) is the softening modulus of rock
mass.

When the rock mass developed to the plastic residual state,
the strength criterion can be expressed by eq. (9).

og=ao,ta,, 9
where
_ 2c.cosp

%~ T=sing”
o, 1s the residual strength; c, is the cohesion of residual state.
In this paper, a symmetrical plane strain problem is studied.
The equilibrium equation becomes:
do,  o,—0y _
dr r
The relationship between strain and displacement is as
follows:
_ du,

o
ur

0. (10)

&

(11a)

&g =

-5 (11b)
where u, is the radial displacement of rock mass.

In strain softening state, the strains are decomposed into
elastic and plastic, respectively. And the strains are decom-
posed into elastic, plastic, and residual in the residual state,
as follows:

_ € p
e.=¢&. te/, 12
_ el .p (12)
gg=¢gteg,
—_.€ p r
81’_81’-"_81' +81” (13)
gg=¢g,teftey
0~ €gTEYTEY.

The superscripts e, p, and r represent elastic, plastic soft-
ening, and residual strains, respectively.
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Dilation angle y is introduced to describe the dilatancy
behavior of rock mass. The non-associated flow rule is
adopted to represent the relationship between radial and
tangential plastic strain increments, in which the dilation
angle y is not equal to the friction angle ¢. In the strain
softening state, the dilation angle is y,, and the plastic po-
tential function is

Q=0,=po,— 0, (14)
where

_ 1 +siny,
= 1 —siny,’

The non-associated flow rule of the plastic strain softening
zone is
ef+pef=0. (15)
According to egs. (11) and (12), eq. (15) can be written as the
following differential equation:
dur ur € [
B = e e, (16)

The dilation angle is y, in the plastic residual state, and the
plastic potential function is

Q=0y=10,7 0y, a7
where
1 +siny,
1= sy,
The non-associated flow rule of the plastic residual zone is
e +tne, =0. (18)
Then, eq. (18) can be written as
e pte = 4 sP (s +28). (19)

3 Analytical solutions

According to the constitutive model shown in Figure 3, there
are three possible zones of rock mass around the tunnel:
elastic, plastic strain softening, and plastic residual. R, and R,
are used to represent the boundary radii of the three zones.

It is assumed that the original state of rock mass is elas-
ticity. For the stage after tunnel excavation and before the
installation of bolt-cable support, stress field varies con-
tinuously with stress release. In this stage, the strain soft-
ening zone and residual zone may appear according to the
stress release magnitude. As shown in Figure 4(a), there are
three possible cases of the mechanical state on rock mass
around the tunnel. The solutions of these cases can be ob-
tained by the stress release method.

After the installation of rock bolt and anchor cable, the
rock mass is reinforced. Referring to the boundary radii R,
and R,, together with the reinforced radii of rock bolt R, and
anchor cable R,, there are nine possible cases required to be
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Case A: elastic

Case B: strain softening
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(a) -
Stress release Stress release
—————— an———
\

Case C: plastic residual

Installation of rock bolt
and anchor cable

Case 7: R1<R2<Rp

[] Elastic zone [

Case 8: .‘?1<,‘§‘p<.‘?2

Strain softening zone

Case 9: Rp<R1<R2

Plastic residual zone

Figure 4 (Color online) Mechanical cases of the tunnel. (a) Before installation of bolt-cable support; (b) after installation of bolt-cable support.

discussed, as shown in Figure 4(b). From Case 1 to Case 6,
the elastic, strain softening and plastic residual zones coexist,
while the reinforced radii R, and R, of bolt-cable support are
different. From Case 7 to Case 9, only the elastic and strain
softening zones exist. In these cases, it is assumed that the
bolt-cable support and the rock mass work consistently, and
there is no slippage between the bolt-cable support and the
rock mass. These cases are interrelated; their transformation
from one case to another may occur in the stress release
process. For example, Case A—Case B—Case C—Case
3—Case 2 is a possible transformation path in tunneling
process. We use Case 2 in the following to illustrate the
solution process. The solutions of other cases are shown in
the Appendix (https://link.springer.com).

3.1 Solution for Case 2

In Case 2, the cables are anchored in the elastic zone, while
the rock bolts are anchored in the strain softening zone. As
shown in Figure 4, the relationship of the radii is R<R;<
R,<R,.

3.1.1 Solution for elastic zone
(1) ¥R,. The rock mass is in elastic state. Its boundary
conditions are represented as o, = 6,%2 at 7=R,, and o, =p,at
r = co. There are no supporting members in this region, and
the stresses are as follows:
R?

_ R
0, =Py~ (Do 0 2),,_2ﬂ

(20a)


https://springerlink.bibliotecabuap.elogim.com
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RZ

_ R, 1G5
Gg=Po TPy~ 2),,_2

(20b)

The rock mass displacement and strains are as follows:

1 R}

U, = 550~ 0 )7 (21)
1 R}

&= 26 Py, (22a)
1 R}

Tl Tel A (22b)

(2) R,<r<R,. In this region, the rock mass is in elastic state,
which is under the boundary conditions: %>+ p at /=R, and
ar at r=R,. According to the classical elasticity [40], the
stresses are

R

2

0 = _BI[TP + C15 (233')
2
_ R
UH—B,[T +C, (23b)
where
Rzz(mR“rpz' —arRP)
Bi=—%Rp=rz
- (43 JR3=0r "R}
e R?—R '
The solution of displacement and strains are
2
r Rp
u, = 5By 52| +(1=20)(C,=py)| (24)
1| (R
& =ag Bl 7 | TU=29(C,=py)}, (252)
1| (Re)’
0= 5a(B1| 7 +(1=2v)(C,—py)| (25b)

In these solutions, arR », arRZ, R ) and p, are the unknown
parameters to be solved. Based on the displacement con-
tinuity condition at the boundary between the elastic zone
and the strain softening zone, the radial stress at /=R, can be
derived.

Rp:#
O a+1

L,
2p0 +mp2 _O-cp]' (26)

According to the displacement continuity condition at
cable anchoring position, the radial stress at /=R, is obtained

as
R\ R\’
O-rRZZPO 1_[R_z +0-er R_z]
2
_ps |[Re]
2(1v)[R2 +1-2v| (27)
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3.1.2  Solution for strain softening zone

In the strain-softening zone, the strains are decomposed into
elastic and plastic parts. According to the differential equa-
tion eq. (16) and the displacement continuity condition at
r=R,. The displacement is

u,=DR,""r”+Hy, (28)
where
___ B
D= Gy
1{p-1

H,= 5 1B (1= 29, po),

Substituting eq. (28) into eq. (11), the strains are solved.

R p+1
g, = —ﬁDl[Tp +H, (29a)
p+1

£,= DI[T" +H, (29b)

Due to the anchoring position of rock bolts, the strain
softening zone is divided into two parts.
(1) R;<r<R,. In this region, the stress boundary condition

is g|_, which has been solved by eq. (26). Based on the
p

strain relationship of eq. (12) together with egs. (25b) and
(29b), the radial and tangential stresses can be obtained by
substituting eq. (8) into eq. (10).

a—1 1+4
_ r 1 Rp _ 1
ffr—Nl[R—p] DM R T] a1
O,
__Oep
= (30a)

(30b)

R
atf a—-1)
(2) R,<r<R,. In this region, the boundary condition is
0,=0al_, Tp atr=R;, whereg|  istheresultofeq. (30a).
= 1 =, 1

Consequently, the stresses are obtained as

a—1 1+4
ey 1 (Ry) " 1
O’r—Nl[R—p] TDOMISTR 7] T
(r a—1 O-cp
PR e (31a)
R p+1
0y = ao,+o,~DM, [Tp] —1‘. (31b)

3.1.3  Solution for plastic residual zone
Similar to the analysis of the strain softening zone, con-
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sidering the displacement continuity condition u,[_, , the
displacement is solved as
u = DR "+ Hy, (32)

where
p+1
Ry
R.|

_ B
Hz—DszrHl.

B
D= G

Hence, by substituting eq. (32) into eq. (11), the strains are

R n+l1
g, = —nDz[Tr +H,, (33a)
Rr n+l
eo=D|E|  +H, (33b)

By substituting eq. (9) into eq. (10) and considering the

boundary condition g,| _, of eq. (31a), the stresses are

a1 a1 a1
ar=N,[RLp +N, R% +p', RL]] - (34a)
og=ao,tao,, (34b)
where
v BM | 5]”’} L], ooy

2 G+D|atB| R, a—1 a—1

3.1.4  Radii of strain softening and residual zone
According to the equations obtained above, there are still
several unknowns: the strain softening radius R,, the residual
radius R,, the pressures p; and p,. Considering the continuous
condition of tangential stress o, at the softening-residual
boundary and using eqs. (26b) and (30b) at r=Ry, the residual
radius is solved as
1

1}7W. (35)

R =R o'cp_o'cr_i_
p T\ MDD,

Then, the stress condition g| . =p, +p, +p, is used to
o

solve R,. As the anchoring forces is closely related to the
delay effect, so eqs. (1)—(4) are used to solve p, and p,. In
eq. (3), the rock mass displacement u before installation is
carried out by the ¢ method in the following section.

3.2 Rock mass displacement before installation of bolt-
cable support

The delay effect of installation can be evaluated by the &
method. It is a stress release method that the rock mass de-
formation is calculated by applying an internal pressure &p,
to the perimeter of the excavated tunnel. Before the in-
stallation of bolt-cable support, the possible mechanical

Sci China Tech Sci
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states are expressed as Cases A—C in Figure 4(a).

3.2.1  Solution for Case C

It is easy to know that Case C is similar to Cases 1-6, but
there is no anchoring force in Case C. So, by substituting
py=p| =p, =p, =0 and p, =(p, into the solution of
Case 2 (or other cases in Cases 1-6 in the Appendix), the
solution of Case C is easily derived. This method can get all
the stress, strain, and displacement solutions. Due to length
constraints, only the displacement solutions are given in this
paper, as follows:

1/2G(py 0, )R} /7, r=R,

u,= DSRPI+/3r’ﬁ+H5r, R.<r< Rp’ (36)
DR /""" +Hy, Ry<r<R,
where
ofr=p,(1—sinp) — €,C080,
_ posing+c,cosp
SRy N
D - (posing+c,cosp) (R, B
o G(1+n) R|
- (posing+c,cosp)(f—1)
5 2G(f+1) ’
1 .
H= ﬁ(po sing + cpcosw)
1+
A[Re 2 2,1
R, 1+ 1+n) p+1

According to the continuity condition of tangential stress
o, at the softening-residual boundary and radial stress con-

ditiong| _. = (p,, at the tunnel circumference, the boundary
o

radii are
1
_ Ocp™ Ocr 5
Rp =R, MDD, , 37
1
a1 a—1
Ocp ™ Oy 144
Rr_RoNs[ VD +1 +J
s
o o1
{po+azg] (38)
where
O 1 1
Ns=o/r+ a—pl ~M.D; atf a—l}’
1 1
J] = (MCDSJ'_O-cp_O-cr) m_ a—1 ]

The appearance of the plastic residual state along tunnel
circumference is the application condition of Case C. So,



Luo J W, et al.  Sci China Tech Sci

substituting R, =R, into the radial stress equation of the plastic
residual zone. The application condition of Case C is solved
as eq. (39).

+J,, (39)

3.2.2  Solutions for Cases A and B
The solution of Case C can degenerate to the corresponding
ones of Cases A and B.

(1) Case A. For Case A, all the rock mass is in elastic state,
and the radial displacement is

1 R}
u; =500 =Po) 5 (40)
where (p, > p (1 —sinp) —c,cosp is the application condi-
tion of Case A.
(2) Case B. In this case, rock mass near the tunnel cir-

cumference begins to show the strain softening behavior.
Then, the rock mass displacement is

1/2G(py DR} /7, r>R,
u, = @1
DRr’+Hy, Ry<r<R,
where o*ris the same as eq. (36). The radial stress at the
strain softening zone (Ry<r<R,) is

a—1 1+p
_ r 1 (R} " 1
"r—Ns[R—p] MDsy R T] a—1
Ocp
27 (42)

Considering the radial stress condition 5| _, = (p, R, can
o

be solved. The application condition of Case B is

Ucp_acr %
Ns Mch+1 thL<P,
< po(1 —sing) —¢,cosp. (43)

4  Verification

To verify our proposed analytical solutions, the results of the
analytical model are compared with those obtained from the
numerical simulation. The numerical simulation is per-
formed using a 3D finite difference code FLAC3D. In the
FLAC3D software, the cable structural elements (ca-
bleSELs), which are two noded and straight finite elements,
can yield in tension or compression. The rock bolt and an-
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chor cable can be modeled as collections of cableSELs. The
anchor heads and anchor lengths of the bolt-cable support
can be connected to the rock mass zones by rigid links. A
quarter of the geometry is modeled due to symmetry.
Figure 5 shows the geometry of the mesh. The height, width,
and thickness of the model are 160, 160, and 2.4 m, re-
spectively. The radius of the circular tunnel is 12 m. The
mechanical parameters of rock mass, bolts, and cables are
listed in Table 1, which are based on the engineering design
data and geological investigation data of the Great Wall
Station Tunnel project (a high-speed large cross-section
railway tunnel in weak rock mass).

According to our analytical model, the radii of the plastic
strain softening zone R,=21.0 m and residual zone R,=15.9 m
can be derived by substituting the mechanical parameters
into the analytical solutions. The relationship of R,<R;<R,
<R, can be obtained, which means the mechanical state can
be solved by Case 2.

The anchoring forces obtained by our analytical method
and numerical simulation are shown in Figure 6. The ana-
lytical results agree well with the numerical simulation re-
sults. As shown in Figure 7, our analytical results of tunnel
radial displacement are consistent with those of the numer-
ical simulation. The value of u, from the numerical simula-
tion is smaller than that from the analytical method, then the
two curves tend to be closer with the increase of 7. The stress
distributions are shown in Figure 8. The tangential stress o,
increases rapidly in the plastic zone until reaching peak stress
at the elastic-plastic boundary. Then, it gradually decreases
in the elastic zone and eventually tends to be stable at the
stress p,. The plastic radii R,,, which can be calculated by the
location of the peak tangential stress, obtained by the two
methods are close. With the increase of the distance to the
tunnel opening, the radial stress o, gradually increases and
tends to be stable at p,. According to the consistency of the

160 m

! 160 m |

Figure S (Color online) Numerical simulation model by FLAC3D.
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Table 1 Mechanical parameters of rock mass, rock bolt, and anchor cable

Parameter Value
Tunnel radius R, 12m
Far-field hydrostatic stress p, 2.80 MPa
Uniaxial compressive strength of rock mass o, 1.33 MPa
Residual strength of rock mass o, 0.33 MPa
Poisson’s ratio of rock mass v 0.33
Shear modulus of rock mass G 700 MPa
Softening modulus of rock mass M, 300 MPa
Stress release factor & 0.10
Cross-section area of rock bolt 4, 490 mm’
Rock bolt length L, 7m
Pretension force of rock bolt F'IO 120 kN
Yielding force of rock bolt " 205 kN
Supporting density of rock bolt 4, 0.69
Young’s modulus of rock bolt £, 195 GPa
Cross-section area of anchor cable 4, 840 mm’
Anchor cable length L, 14 m
Pretension force of anchor cable F, 850 kN
Yielding force of anchor cable F, 1326 kN
Supporting density of anchor cable 4, 0.13
Young’s modulus of anchor cable E, 195 GPa

Anchoring force
g eaE %% | Comparison between
8.5000E+05 .
8.0000E+05 | analytical result and
7.5000E+05
7.0000E+05
6.5000E+05
6.0000E+05

| 5.5000E+05

numerical result

910.7 897.5

Unit: kN

161.3 155.9

rock bolt anchor cable
| Analytical result
I Numerical result

Figure 6 Anchoring forces of rock bolts and anchor cables.

stress curves between the numerical and the analytical re-
sults, our proposed analytical solutions are verified.

5 Analysis of pretensioned bolt-cable support
in tunnel reinforcement

5.1 Anchoring forces and rock mass displacement

The anchoring force is composed of two parts: one part is the
pretension force, and the other part is the passive anchoring
force caused by compatible deformation of the reinforced
rock mass and the bolt-cable support. Hence, the anchoring

September (2020) Vol.63 No.g9
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Figure 7 Comparison of radial displacement of rock mass.

Analytical prediction
—e&— Numerical simulation

Normalized rock stress (g, or g/p,)

0.0 — T
1 2 3 4
Normalized radius /R,

Figure 8 Comparison of stress distribution of rock mass.

forces F, and F,, which represent the mechanical state
(elastic or yielding) of rock bolt and anchor cable, are de-
termined by the parameters of bolt-cable support. In addi-
tion, the reinforcement effects, influenced by the support
parameters, can be reflected by rock mass displacement. In
this section, the influences of the parameters, including
pretension force, cross-section area, length, and support
density, are analyzed, while other parameters are shown in
Table 1.

5.1.1  Pretension forces and cross-section areas of rock
bolt and anchor cable

The pretension force F10 and cross-section area A, of rock

bolt are analyzed firstly. As the pretension force F° in-
creases, the anchoring force F; represents approximately a
linear rising trend (actually a concave curve), in Figure 9(a),
indicating that the reinforcement effects are enhanced. In
addition, a larger pretension force also leads to a smaller
passive anchoring force and less surplus of rock bolt
strength. Apparently, the magnitude of £, is smaller than the
yielding force of rock bolt, which indicates that there is a
reasonable range of the pretension force. When F, exceeds
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Figure 9 (Color online) Anchoring force influenced by Fl0 and 4,. (a) Anchoring force of rock bolt F'; (b) anchoring force of cable F,.

this range, the rock bolt exhibits the yield behavior, which
means the failure of rock bolt.

The cross-section area A, also plays an important role. As
shown in Figure 9(a), while 4, increases from 300 to
600 mm’, the yielding force FP increases from 125.5 to
251 kN. The increase of the cross-section area can sig-
nificantly improve the bearing capacity of rock bolt, which
means larger pretension force can be applied to the rock bolt.
In addition, the increase of the cross-section area also im-
proves the stiffness of the rock bolt.

As shown in Figure 9(b), the aforementioned two factors
of rock bolt can affect the mechanical state of cable. With the
increase of FIO, the cable force F, decreases until the yield of
the rock bolt. The increase of the cross-section area 4, also
leads to slightly decrease of F,. This phenomenon indicates
that the values of pretension force FIO and cross-section area
A, can change the load-bearing ratio of the bolt-cable sup-
port. In other words, with larger values of Flo and A, the rock
bolt subjects to more load while the cable bears less load than
before.

The pretension force on and the cross-section area A, of
cable have similar reinforcement effects as rock bolt (Figure
10): A4, determines the bearing capacity, and £’ determines

2000

S R )]
Yielding force of anchor cable ?
21600 Ve
& /|
\r/l //
& / L
_% 1200 / o —A,=600 mm?
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= D A
S 4004 ( Pretension force
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0
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0 400 800 1200 1600
Pretension force of anchor cable F*:] (kN)

2000

the anchoring force of cable. But there is a little difference.
Comparing Figure 9(a) with Figure 10(a), the passive an-
choring force is a considerable part of the rock bolt force.
Thus, with a small pretension force FIO, the anchoring force
F, is still available to tunnel reinforcement. But it is different
to cable force F,, in which the pretension force on has a
dominant position, and the component of passive anchoring
force in F; is small. If the cable pretension force F is too
small, its reinforcement effects on rock mass are insufficient.
Then, the rock bolt has to bear more load than before, and
yield failure of rock bolt may occur (Figure 10(b)). There-
fore, in the bolt-cable combined support, enough pretension
force should be applied on the anchor cable.

The development of u, (radial displacement at tunnel cir-
cumference) with different pretension forces is shown in
Figure 11. The radial displacement u, steadily decreases with
the increase of pretension forces, which means the pretension
forces are helpful to rock mass reinforcement. However,
there are two special zones in Figure 11(a): the rock bolt
yielding zone and the cable yielding zone. When the mate-
rials reach yield strength, failure of rock bolt or anchor cable
may occur. Hence, there are suitable ranges of 1’710 and on' In

these ranges, larger pretension forces contribute more to rock
mass reinforcement. Comparing Figure 11(a) and (b), we can

(b)

200 Yielding force of rock bolt

%, (;u]m,d by cable yielding

N A\
- \.\\

180

o

160 e\ N

Anchoring force of rock bolt F, (kN)

—— A4;= 600 mm? L\
<=+ A,= 800 mm? \\\
140 1 A,=1000 mm? N
A,=1200 mm’
120 T T T
400 800 1200 1600 2000

Pretension force of anchor cable I":’ (kN)

Figure 10 (Color online) Anchoring force influenced by on and 4,. (a) Anchoring force of cable F,; (b) anchoring force of rock bolt F.
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Figure 11 Displacement at tunnel circumference influenced by FIO, onand A,, 4,. (a) Condition of 4,=500 mm’ and A,=800 mmz; (b) condition of 4,=600

mm” and A,=1000 mm”.

see the radial displacement u, decreases slightly with the
increase of cross-section areas. In addition, the cable yield-
ing zone disappears, and the dimension of rock bolt yielding
zone is greatly reduced. It reveals that the cross-section areas
A, and A4, determine the bearing capacity of bolt-cable sup-
port. The remaining rock bolt yielding zone also indicates
that enough pretension force should be applied to the anchor
cable to avoid the failure of rock bolt.

5.1.2  Lengths and supporting densities of rock bolt and
anchor cable

The lengths of bolt and cable determine the reinforcement
range. In the following, the discussed length is the free length
as shown in Figure 1. The supporting density is the amount
of supporting members per unit area. Figure 12(a) shows the
relationship between the supporting density 1,, length L,, and
displacement u,. A higher supporting density 4, is helpful to
improve the reinforcement on rock mass, which leads to a
smaller displacement. As the curve slope gradually de-
creases, after the support density reaching a certain value, its
influences on tunnel reinforcement will be limited. The

60

Case 2

=+ =L=6m (Case3

Case 1

Displacement at tunnel circumference u, (mm)

T
0.50 0.75 1.00 1.25
Supporting density of rock bolt 4,

Figure 12
bolt.

length L, of rock bolt determines its reinforcement radius R,
(R=Ry*+L,). In general, the rock mass deformation decreases
with the increase of L,. As shown in Figure 12(a), the me-
chanical state of Cases 1-3 may occur according to the
length of L,. For the cases L;=1, 2 m, the rock bolt is an-
chored in the plastic residual zone. Considering the fixed
cable reinforcement radius R,=26 m, the relationship R<R,
<R,<R, belongs to Case 1 in Figure 4(b). Such a short length
of rock bolt cannot meet the requirement of tunnel re-
inforcement. As a result, it produces large displacement .
For the cases L,=4, 5, 6, 7, 8 m, the rock bolt is anchored in
the strain softening zone. The relationship R<R<R,<R,
belongs to Case 2. The sharp reduction of u, indicates that
there is a notable improvement on the reinforcement effects.
For the cases L,=10, 11 m, the rock bolt is anchored in the
elastic zone. It satisfies the condition R,<R,<R,<R, that be-
longs to Case 3. Comparing with the results in Case 2, 1 is
slightly reduced in this situation while the rock bolt re-
inforced radius R, is approximately equal to cable reinforced
radius R,. However, considering the short-long coupling
anchorage design of the bolt-cable support, the overlength

g

. Yielding force of rock bolt

180

g

140

Anchoring force of rock bolt F, (kN)

T
0.50 0.75

1.00 1.25
Supporting density of rock bolt 4,

Influence of supporting density A, and length L, of rock bolt. (a) On radial displacement at tunnel circumference; (b) on anchoring force of rock
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rock bolt of Case 3 is unreasonable. According to the above
analysis, it is suggested that the rock bolt should be anchored
in the strain softening zone to provide reinforcement for the
plastic residual zone.

Figure 12(b) shows the relationship of the rock bolt force
F, with 4, and L,. With the increase of 1, and L,, the an-
choring force F is gradually reduced. With a short length of
L,=4 m and a small supporting density 4,, the rock bolt ex-
hibits a large anchoring force approaching the yielding force.
This result indicates that small values of L, and 4, may cause
failure risk of rock bolt and is unreasonable in tunnel design.

The length L, and supporting density 4, of anchor cable
have similar reinforcement effects as those of the rock bolt.
The advantages of anchor cable are the long reinforcement
length and the high load-bearing capacity. With the distal end
anchored in the deep stable rock mass, a considerable force
can be produced at the head end to support the unstable rock
mass around the tunnel. So, it is crucial for the cable to be
anchored in stable rock mass (elastic zone). When the cable
is anchored in the elastic zone, as shown in Figure 13, there is
a limited improvement on rock mass reinforcement by in-
creasing the cable length L,. On the contrary, higher sup-
porting density is still useful to stabilize the rock mass. In
practical engineering, the installation of cables requires huge
and deep holes, the drilling process of which leads to con-
siderable disturbance for the rock mass. In addition, the
cables together with their installations are expensive. De-
termining the value of 4, should consider both the cost and
the reinforcement effects.

As shown in Figure 13(b), the cable force F) is also as-
sociated with L, and A,. For cables anchored in the elastic
zone, a longer cable may lead to a smaller anchoring force,
which cannot take enough advantages of the cable strength.
That means the cables should not be too long in tunnel de-
sign. With a higher supporting density 4,, the load carried by
every single cable is reduced. The cable force F, shows a
reduction trend with the increase of /,.

In the bolt-cable support, increasing the supporting density

(@)

Displacement at tunnel circumference u, (mm)

T T
0.05 0.10 0.15 0.20
Supporting density of anchor cable 7,
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A, and 1, can improve the reinforcement effects, but their
values should not exceed the reasonable ranges. The lengths
L, and L, should satisfy that the rock bolt is anchored in the
strain softening zone and the cable is anchored in elastic
zone. The above analysis shows that the analytical model is
helpful in determining the parameters of the bolt-cable
support.

5.2 Stress distribution of rock mass

With suitable geometric dimensions (lengths and cross-sec-
tion areas) of rock bolt and anchor cable, the pretension
forces and supporting densities determine the mechanical
state of rock mass. Hence, the stress distributions of rock

mass related to F°°, F\, 4,, and /, are shown in Figure 14. The

J; and F (4; matching with F°) of different patterns and the
analytical results of plastic residual radius R,, strain softening
radius R, and displacement u, are listed in Table 2, while
other parameters are the same as those in Table 1.

In Figure 14, the radial stress o, gradually increases and
tends to stabilize at the initial rock mass stress. The value of
oy varies according to the distance from tunnel cir-
cumference. It increases rapidly in the plastic zone (espe-
cially in the strain softening zone) until reaching the peak
stress at the elastic-plastic boundary. Then it decreases in the
elastic zone, and eventually tends to stabilize at the initial
rock mass stress. Due to the stress release effect, there are the
minimum values of oy and o, at the tunnel circumference,
while there are the maximum stress differences (g,—0,) at the
elastic-plastic boundary. At the anchoring positions of rock
bolt (=R,) and anchor cable (+=R,), due to the anchoring
force, there are pressures p and p;on the rock mass, re-
spectively. Therefore, stress jumps can be observed at the
anchoring boundaries of the bolt-cable support.

The reinforcement plays an important role in the stress
distribution of rock mass. Comparing with pattern 1 in Fig-
ure 14(a), the stress curves of patterns 2 and 3 shift left. The

960

880

Anchoring force of cable F, (kN)

840 T T
0.05 0.10 0.15 0.20
Supporting density of anchor cable 7,

Figure 13 (Color online) Influence of supporting density 4, and length L, of anchor cable. (a) On radial displacement at tunnel circumference; (b) on

anchoring force of anchor cable.
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Table 2 Parameters and corresponding results of different supporting patterns

No. Parameters R, (m) R, (m) uy (mm)
Pattern 1 F'=80kN A, =300 mm’ F' = 500 kN A, = 600 mm’ 23.46 18.24 63.25
Pattern 2 F'=160kN 4 =600 mm’ F'=500kN 4y =600 mm’ 22.14 17.21 55.42
Pattern 3 F'=80 kN A, =300 mm’ F'=1000kN 4= 1200 mm’ 22.06 17.16 55.30
Pattern 4 F"= 160 kN A, = 600 mm’ F'=1000kN 4= 1200 mm’ 21.22 16.51 50.62
Pattern 5 =05 2, =0.08 22.94 17.83 60.13
Pattern 6 =10 J» = 0.08 21.80 16.95 53.58
Pattern 7 =05 7 =10.16 21.59 16.80 52.78
Pattern 8 =10 7 =10.16 20.83 16.21 48.66

plastic zone radii of patterns 2 and 3 are almost the same,
indicating that the pretension force F* has a similar effect as

F,) on stress state of rock mass. The plastic zone radius of

pattern 4 is the smallest as Flo and F2° are increased si-

multaneously. Figure 14(b) shows the influences of sup-
porting density 4; on rock mass reinforcement. Comparing
with pattern 5, R, and R, of patterns 6-8 have been reduced in
different extents. Obviously, the reinforcement effects of the
bolt-cable support are closely related to the pretension forces
and supporting densities. Large pretension forces and sup-
porting densities of bolt-cable support that can reduce the
scope of plastic zone, is preferred in large cross-section
tunnel design.

5.3 Ground response curve of tunnel reinforced by
bolt-cable combined support

The convergence-confine curve considering the rock mass
reinforcement is a useful tool for tunnel design [41-43]. The
pretensioned rock bolt or anchor cable is typically con-
sidered as a part of the internal supporting systems (such as
shotcrete and steel arch) rather than a component of the re-
inforced rock mass, and the anchoring force is considered as

an internal support force [44, 45]. As shown in Figure 15, the
ultimate convergence can be found at the intersection of
support characteristic curve (SCC) of pretensioned rock bolt
and GRC of unreinforced tunnel. However, this concept
simplifies the bolting pressures p and p' that applied to both
ends of the reinforced rock mass into a single internal
pressure p. Such simplification cannot adequately describe
the actual stress state and underestimates the anchoring ef-
fects. To address this issue, the effects of rock bolt and an-
chor cable are considered into the GRC in this study. The
GRC of unreinforced tunnel before or without the installa-
tion of bolt-cable support can be obtained by eq. (36). The
displacement solutions of Cases 1-9 are used to obtain the
GRC after the installation of pretensioned rock bolt and
anchor cable.

The GRCs related to pretension forces are shown in Figure

16. When no pretension force is applied (F”= F,) = 0), the
rock mass is reinforced by passive anchoring force and
generates a large displacement u,. When the pretension
forces increase to F1°= 80kN and F20= S00kN, there is a
sudden drop in the GRC, which means the required internal
supporting force becomes smaller due to the installation of
pretensioned bolt-cable support. This drop of GRC can also
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Figure 15 Traditional convergence-confine curve of tunnel reinforced by
pretensioned rock bolt or anchor cable.
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Figure 16 (Color online) GRC considering bolt-cable reinforcement with
different pretension forces.

be found in a previous study of pretensioned rock bolt [18].
As a result, there is a reduction in tunnel convergence. With

the increase of Flo and F2°, the ultimate convergence tends to
be smaller again, which means large pretension forces can

-
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Figure 17 (Color online) GRC considering bolt-cable reinforcement with
different installing time of bolt-cable support.

enhance the reinforcement effects of the bolt-cable support.
The delay effect of installation can be evaluated by the stress
release factor &, while larger £ means the earlier installation
of bolt-cable support as shown in Figure 17. As ¢ increases
from 0.05 to 0.15, the ultimate tunnel convergence decreases
from 74.5 to 59.3 mm. It demonstrates that timely installa-
tion of bolt-cable support is crucial to rock mass reinforce-
ment.

6 Application of proposed analytical model

In this section, we use the proposed model to study the ef-
fects of the bolt-cable support of the Great Wall Station
Tunnel. This tunnel is part of the Beijing-Zhangjiakou high-
speed railway, which will serve for the 2022 Beijing Winter
Olympic Games. There are two super large cross-section
tunnels at both ends of the station. Figure 18 shows the cross-
section and geology conditions. Based on the engineering
design data and geological investigation data, the mechanical
parameters of rock mass, bolts, and cables are listed in

Anchor cable

| Displacenient | |
| monitoring /|

Figure 18 (Color online) Study section of Great Wall Station Tunnel in Beijing. (a) Geology conditions; (b) tunnel section and field measuring detail.
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Table 1. The applicability of the proposed model can be
evaluated by the comparison between the analytical solutions
and the field measuring data of rock mass displacement [46].

The multi-point extensometer and total station were used
for displacement monitoring of the Great Wall Station Tun-
nel. As shown in Figure 19, the multi-point extensometer
measured the position of five anchor points relative to a
reference head through the extension of rods inside sleeves,
which provided the relative displacements of rock mass at
the anchor points. Then, referring to the displacement at
tunnel circumference monitored by the total station, the ab-
solute displacement at the anchor points can be obtained. The
multi-point extensometer instruments were installed together
with the rock bolts and cables, so only the displacement u "
after the installation of bolt-cable support is discussed in this
section.

Substituting the mechanical parameters in Table 1 into the
analytical solutions, the radii of plastic softening zone R,
=21.0 m and residual zone R=15.9 m, are obtained. There is
the relationship R.<R,<R,<R, that belongs to Case 2.
Figure 20 shows the comparison of displacement u”, of
analytical results and field measuring data. The analytical
results are basically consistent with the field measuring data.
Therefore, it demonstrates that the proposed analytical model
of the pretensioned bolt-cable combined support can provide
effective information in preliminary tunnel design.

7 Conclusions

An analytical model is proposed for the design of preten-
sioned bolt-cable support for large cross-section tunnel. Our
proposed model can consider the different mechanical cases
of tunneling reinforced by the bolt-cable support. The ana-
lytical model is verified by numerical simulation. The key
findings are as follows.

Large pretension forces of bolt-cable support are helpful to
reduce the rock mass deformation, but the pretension forces

Reference head

P

- Anchor point
- »
-
-
> =
Rods inéide sleeves
Tunnel surface
| Sm_ |, Sm |, S5Sm | S5S5m | S5m |
[ [ | [ [ i

Figure 19 (Color online) The multi-point extensometer.
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Figure 20 (Color online) Radial displacement of rock mass after in-
stallation of the bolt-cable support.

FlO and F2° should be suited to the cross-section areas 4; and

A, to avoid the yielding failure of bolt-cable support. To
achieve effective coupling of rock bolt and anchor cable, the
lengths L, and L, should satisfy the conditions that rock bolt
is anchored in the strain softening zone and cable anchored in
the elastic zone. Increasing the supporting density 4, and 4,
are also helpful to improve the reinforcement effects.

A new GRC considering the reinforcement effects of
pretensioned bolt-cable support is obtained, which shows the

pretension forces F10 and F2° can effectively control rock

mass deformation, and the timely installation of the bolt-
cable support is also helpful to tunnel reinforcement.

The proposed model is applied to the analysis of the Great
Wall Station Tunnel. The analytical results agree well with
the field measuring data, which means the analytical model
of the bolt-cable support is a useful tool for preliminary
tunnel design.
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