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Analytical assessment of coupled influences of surrounding rock
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Abstract.  Attempt has been proved to be effective that surrounding rock reinforcement is emphasized simultaneously
considering displacement release in weak rock tunnels. In this study, the calculation formulas for mechanical parameters of bolt-
reinforced rocks are provided using the homogenization method and the supporting characteristic curve is divided into three
stages with proposing the corresponding stiffness equations. The mechanical model for bolted-reinforced rock-yielding supports
interaction is then established and coupled solutions for displacements and stresses around tunnels considering bolt
reinforcement and yielding effects are provided. Furthermore, parametric investigations on the influences of rockbolts and
yielding supports are carried out. Results show that (1) rock displacement gradually decreases as the rockbolt length increases.
However, when rockbolt length becomes large enough, the further improvement of rock displacement will not be obvious by
still increasing their length. (2) Both rock displacement and plastic zone of tunnel decrease with the increase of rockbolt radius.
There exists the highest utilization of rockbolts corresponding to a certain rockbolt radius. (3) Also, the rock displacement and
plastic zone of tunnel decrease as installation density of rockbolts including circumferential space and longitudinal space
increases. Under the condition prescribed, this decreasing trend becomes sharper and the improvement is more evident. (4)
Larger yielding displacement or stiffness parameter leads to smaller support pressure, but greater plastic radius of tunnel. The
optimal yielding displacement and stiffness parameters need to be determined through a comprehensive investigation combining
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rock properties, support characteristics and tunnel design requirements.
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1. Introduction

With the rapid development of tunnelling technology,
many difficult tunnels had been built throughout the world
(Kimura et al. 1987, Barla et al. 2011, Ranjbarnia et al.
2020). Statistics show that large deformation was one of the
most common problems occurring in weak rock tunnels at
great depth during construction, accompanied by support
failure (Chu et al. 2021a, b, Fan et al. 2020, 2021, Sun ef al.
2020, 2021). Actually, a good solution for deep
underground excavation in weak rocks is that rock masses
are reinforced inward and support has the capacity of
accommodating rock deformations without being damaged
(Cantieni and Anagnostou 2009).

Basically, rockbolts have been widely used to stabilize
underground openings by improving the rock mechanical
performance (Fahimifar and Ranjbarnia 2009, Zhao et al.
2021). According to the previous studies, the rock bolting

effects can be grouped as the ground sewing,
geomechanical properties improving (both cohesion and
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frictional angle) of rock masses, and adding internal as a
confining pressure within a broken rock masses (Fahimifar
and Ranjbarnia 2009). In order to better design the
rockbolts, Cai et al. (2015) presented an interaction model
to describe the interaction behaviors of rockbolts and rocks.
Cui et al. (2019) provided a simplified procedure for
analysing the interaction between bolts and rocks for
circular tunnels. Bobet (2009) derived elastic solution for
bolted tunnel. Using the homogenization method,
convergence-confinement predictions for bolt-supported
tunnels were also put forward (Bernaud et al. 1995, Wong
et al. 2006, Osgoui and Oreste 2007, Yan et al. 2017).
Unfortunately, although rockbolts have been installed in
tunnels, original stiff supports sometimes still failed to
resist large deformations (Eftekhari and Aalianvari 2019,
Wu et al. 2021a, b, 2022a). Recently, based on the deeper
understanding of deformation mechanisms of weak rock
tunnels at great depth, yielding supports have been
attracting more and more research interests. The term of
“yielding supports” refers as the supports having the
capacity of accommodating rock deformations, and the idea
behind them is that the rock deformation pressure acting on
supports will decrease by allowing the rocks to deform (Wu
and Shao 2019a, 2019b). In Enasan tunnel II (Kimura et al.
1987), Yacambu-Quibor tunnel (Hoek and Guevara 2009),
Saint Martin La Porte access adit (Barla et al. 2011),
Dongtan coal mine (Tan et al. 2017) et al., the application
of the support system of “rockbolts and yielding supports”
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have successfully addressed the support failure problem
induced by large deformations. Generally, the yielding
supports, based on the yielding method, can be classified
into two groups: the radial and tangential (Cantieni and
Anagnostou 2009). Radially yielding supports allow rock
deformations to develop outside the liner extrados by
installing a compressible layer between the rocks and the
stiff liner. Tangentially yielding supports are able to
accommodate a certain reduction in their circumstances
through a structural detailing of liner or adding yielding
elements into liner. Moritz (2011) have attempted to
summarized the types and mechanical properties of
tangential yielding liner. Radonci¢ et al. (2009) investigated
the tunnel response supported by different ductile lining
systems. Hoek and Guevara (2009) successfully overcame
the squeezing large deformation occurring in the Yacambu-
Quibor tunnel using the yielding supports. Oge (2021)
discussed the energy absorption of flexible supports in a
mine roadway. Wu and Shao (2019) proposed the analytical
solutions for stresses and displacements around tunnels
where a compressible layer is used. Wu ef al. (2020a, b,
2022b) proposed an analytical design approach for
tangential yielding liner and determined its stiffness
calculation method. It is generally accepted that theoretical
solutions are very important for underground excavation
problems, helping clarify the mechanisms of generation and
change of stresses and displacements around tunnels and
achieve a better understanding of how final solutions are
affected by parameters included (Exadaktylos and
Stavropoulou 2002; Brichall et al. 2012; Kargar et al.
2014). However, up to now there has been very little
literature on analytical solution for yielding supports. Even,
some solutions were obtained based on the assumption of
that the support pressure is the constant. In this condition, it
is necessary to conduct a theoretical investigation on the
mechanical behaviour of tunnels supported by yielding
supports.

In this paper, the theoretical investigation on the
mechanical behaviour of a lined tunnel is carried out,
considering the rockbolt reinforcement and yielding effects.
Furthermore, a parametric study on the influence of
parameters of rockbolts and yielding supports is performed.
The results in this paper can provide useful guidance for
tunnel design.

2. Solution
2.1 General consideration

This problem deals with a circular tunnel supported by
rockbolts and yielding supports within elasto-plastic
geomaterials. The tunnel is located at such a great depth
compared with tunnel dimension that the problem is
considered a reinforced hole in an infinite plane, subjected
to a uniform stress state at infinity (Kargar et al. 2014).
Original rock masses, bolted rock masses and supports are
assumed as isotropic and homogeneous materials. Original
and bolted rock masses are both subjected to Mohr-
Coulomb strength criteria (Yan et al. 2017) and the supports
behave linearly elastic before failure. The length of
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Fig. 1 Tllustration of bolt-reinforced tunnel
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Fig. 2 Yield locus of original and bolted rocks in
principal-stress coordinate

rockbolts is assumed to be larger than the plastic radius of
tunnel. It is also supposed that there is not any support delay
after tunnel excavation.

2.2 Mechanical parameters of bolted rocks

Using the homogenization method the bolted rock
masses are considered as isotropic and homogeneous
composite geomaterials (Bernaud et al. 1995, Wong et al.
2006, Osgoui and Oreste 2007, Yan et al. 2017). Based on
the equivalent stiffness approach the equivalent Young’s
modulus of the bolted rock masses can be calculated as

E'A=EA+EA (1

where E* and A" denote the Young’s modulus and area of
bolted rock masses, respectively. £y and 4; are the Young’s
modulus and area of original rock masses, respectively. E»
and A, represent the Young’s modulus and area of
rockbolts, respectively.
The arrangement of rockbolts in tunnels is shown in Fig.
1. Substituting the rockbolt parameters into the Eq. (1)
yields the Young’s modulus of bolted rock masses as
follows
E,zr’ +E,(s,s, — 7t}
O ) 1( oz b) 2)

SI’ SZ

where s, and s. denote the circumferential and longitudinal
spaces of rockbolts, respectively. 7, is the radius of
rockbolts.
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In polar coordinate system the Mohr-Coulomb strength
criteria can be written as

_l+sing
69_1 . O, +o_c (3)
—Sing

where o, and oy represent the radial and tangential stresses,
respectively. ¢ and ¢ are cohesion and internal friction angle
of geomaterial, respectively. And o. can be given by

_2cCos g

0= 4
1-sing @

As shown in Fig. 2, the yield locus of original rocks fin
principal-stress coordinate is plotted. On account of
reinforcement of rockbolts, the yield locus of bolted rocks
will change into f*.

The relationship between two yield loci of original and
bolted rocks can be written as

f'=(1+a)f (%)

where o denotes the rockbolt density factor (Indraratna and
Kaiser 1990) and can be expressed as

2zt tan #
g— 2 (6)
Sr SZ
Then G: can be given by
o,=(1+a)o, (7)

Combining the Eqs. (5) and (7), the relationships of
cohesion and internal friction angle of original and bolted
rock masses can be given by

2¢ cosp’ ~(1+a) 2cCos

— - 8
1-sing 1-sing ®
1+sing’ - (+a) 1+sing ©
1-sing 1-sing

Then by solving the Egs. (8) and (9), the cohesion and
internal friction angle of bolted rock masses can be
expressed by those of original rock masses as

c(l+a)(1-sing” )cos
o= a)(_ (p)* 4 (10)
(1-sing)cos g

(1+sin(p)a+23in¢;} an

v :arcs'”{ (1+sing)a +2

2.3 Supporting equations for yielding supports

Yielding supports (generally accepted as yielding steel
arch) are able to accommodate certain rock deformations
without being damaged. The ideal supporting curve for
yielding supports is shown in Fig. 3. The deforming stage of
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Fig. 3 Convergence-Confinement curve of tunnel using
yielding supports

yielding supports before failure can be categorized as three
stages: elastic deformation I, yielding deformation II
and elastic deformation III (Wu et al. 2020). During
yielding deformation phase, support pressure generally
exhibits a slight increase as rock deformations greatly
increase, which makes the yielding supports distinguished
from the traditional stiff. It can be explained that in yielding
steel arch, when the external pressure produces the
necessary axial load the yielding steel arch starts its
yielding phase. However, as the segments of the steel set
slide, the friction surface (area of contact between the
segments) increases and the necessary axial load should
also increase (Brodny 2010). Therefore, the supporting
curve shows a slope in yielding phase in Fig. 3. Rodriguez
and Diaz-Aguado (2013) concluded that it is support
stiffness that results in the different supporting
characteristic curves in different stages, which can be
measured using physical experiments. In this paper, based
on the support stiffness in the elastic deformation I Kj,
factors A and A, are introduced to modify the support
stiffnesses in the deformations II and III. In generally, A,
can be considered to be equal to 1.

The supporting equations in these three stages can be
expressed as follows

u—u
p. =K, RO (up <u<u,) (12)
0
u—u
P =P+ AK—= (u<u<u,) (13)
0
u-u,
Pi =Py, + 4K, (u2 <u Su3) (14)

0

where p; denotes the support pressure. u is the radial
displacement in the rocks and support interface. p,; and p,.
are support pressures for starting and finishing yielding
deformation of supports, respectively. up, u; and u>
represent the tunnel displacement after tunnel excavation,
displacements as supports start and finish yielding
deformations, respectively. Ry is tunnel radius.


https://www.sciencedirect.com/science/article/pii/S0886779812001307#!
https://www.sciencedirect.com/science/article/pii/S0886779812001307#!

544 Su Qin, Kui Wu and Zhushan Shao

- N [
Initial ground stress p, ~ _--=77777777> .
4 Elastic zone Il N K
P
> <
<

Fig. 4 Illustration for mechanical model of tunnel

For the stiff steel arch, there exists a calculation for
h
stiffness, that is: K, = Es&/d (I’O —2) , and Es and 4

denote the Young’s modulus for the steel and cross-
sectional area of the arch, respectively. /4 is the height of the
cross-section of the steel arch. For the stiffness in the first
and third parts (1,=1) of elastic deformations of yielding
steel arch, the above formula can also be used. However, for
the second part of yielding, the arch stiffness is associated
with the axial force, which produces the yielding between
arch segments and usually can be experimentally
determined.

2.4 Tunnel behaviour prediction

The mechanical model of tunnels supported by
rockbolts and yielding supports is shown in in Fig. 4. As
accepted, the stress fields will not be influenced by rock
parameters, but displacement fields are closely associated
with these mechanical parameters. Based on the theory of
elasticity, the stress fields in elastic zones II and III can be

expressed as
R? R R?
o, = po(l——r§J+O'f P)—rp

R? R? (15)
S A NGNS
O, = Py 2 Oy 2

r

where po denotes the initial ground stress. R, is the plastic
radius in surrounding rocks. R represents the distance

(Re)

between tunnel center and element. o, "’ is the radial

stress at r=R,,.
Substituting 7=R,, into the Eq. (15) gives
ol =2p, — o) (16)

r

In addition, Mohr-Coulomb strength criteria in polar
coordinate system can also be expressed in the following
format as

o,ta _

o, +a K 17
where

a=c cotgp (18)
and

K :% (19)

By use of the Egs. (16) and (17), GfRP) and JéRP) can
be calculated as

(R)) __2

o, =——(p,+a)-a

1+K 20)
ol = 2K (p,+a)-a
1K

For elastic zone II, it can be considered as a thick
cylinder, the displacement of the inner and outer surfaces
can be given by

12| (RE4+R2 7 2R°R%G) |
u£R°)= E*‘F/Q [_[RIZ—RZJrll/ g GﬁR")R§+—sz_IRz (21)
p | p v | p
(R) 1-v™ 2R§R|ZU(RD) R|2+R§ v (R) 2_
ul™ == | — — + -——|6\"R
" "ER| R-K [Rf—Rg 1-v Jaf H | (22)

where uER”) and UiR') denote the radial displacements in the

plastic zone [ /elastic zone II interface and elastic zone
[I/elastic zone III interface, respectively. R; is length of

rockbolts. GSR')

represents the radial stress in the elastic
zone Il/elastic zone III interface.

For elastic zone III, due to the initial ground stress po

at infinity and o

. in the elastic zone Il/elastic zone III

interface, the radial displacement can be expressed as

r

R (1+v,
U(RI) :I(?]-J')[Z(l—vl)po—O'SRl)J (23)

Then, by use of the Egs. (22) and (23), GSR')can be

derived. As a consequence, substituting GER')

into the Egs.
(21) and (22) can yield uER") and uﬁR') , respectively.

Actually, there exists an initial displacement due to the
initial ground stress before tunnel excavation, which should
be taken into account in the calculation. On account of no
excavation, this elastic initial displacement can be
expressed as

_r(1+v)(1-2v)
El

u

Po 24
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(R) R,

Therefore, the above displacements U, " and uf )

obtained should cut down the elastic initial displacement,
and the actual displacement induced by tunnel excavation
can be rewritten as

AUER') —u®) _y®) (25)

AUER") :uiRp) _u'r(Rp) (26)
In addition, equilibrium equation for plane problem of a
circular tunnel in polar coordinate system can be written as

o, -0,

do, , o

L+

=0
dr r 27)

At tunnel wall, namely, 7= Ry, O'SR")Zpi . Combining the

Egs. (17) and (27), the stress filed in plastic zone can be
calculated as

K1 (28)
o, =(p +a)K(Rroj -a
Substituting 7=R,, into the Eq. (28) yields
R K-1
O'SRP) =(p, + a)[—”) -a (29)
Ry

The Eq. (20) also provides the radial stress in the plastic
zone I/elastic zone II interface. By use of the Egs. (20) and
(29), the plastic radius can be calculated as

—£ (p,+a
R =R |1+K"~ ~ (30)

where p; denotes the interaction pressure between rocks and
supports.

According to the theory of plasticity, when the shape of
the rock and soil change due to plastic deformation, the
rock volumetric strain is almost zero. Then, the following
equation should be satisfied

& +¢,=0 31

And geometric equations in polar coordinate system can
be given by

du
=ar
r (32)
u
8‘9 = ?

Combining the Egs. (31) and (32), the governing
equation for displacement in plastic zone can be given by
du, u

S0 (33)

where u, represents the displacement in plastic zone.
In the Eq. (26), Aupr)has been provided; and using this
boundary condition the Eq. (33) can be calculated as

2 (p,+2a) =
u =A™ R 14K (34)
Py p, +a

Because p; is a variable related with rock displacement
and there exists p; in the Egs. (25), (26) and (34), it is very
difficult to give the accurate solutions for rock
displacements and support pressure. In this paper, using
Newton iterative method the rock displacements and
support pressure can finally be determined.

3. Results and discussion
3.1 Validation

In order to wvalidate the theoretical analysis, a
comparison between solutions in this paper and results in
previous literature has been carried out. Because of some
factors not being considered in previous study, in order to
create the same calculating condition the support pressure
equals to 1MPa. In addition, the initial ground stress, tunnel
radius, rock parameters and rockbolt parameters are listed
in Table 1, respectively.

As illustrated in Fig. 5, a comparison of rock
displacement between solution in this paper and result in
previous study has been performed. A good agreement
between them shows the reliability and effectiveness of the
theoretical analysis in this paper. From Fig. 5, rock
displacement gradually decreases inward from the tunnel
wall and the plastic radius of tunnel is 4.896 m.

3.2 Parametric investigation
3.2.1 Influence of rockbolt length
As generally accepted, rockbolt parameters are crucial

for tunnel supporting effect. First, the investigation on the
influence of rockbolt length is performed. In the calculation,

Table 1 Calculating parameters

Tunnel parameters

Initial ground

stress py (MPa) Radius Ry (m)

5 3
Rock parameters
Young’s . s . e
modulus £, Pmsso: s ratio Cohesion ¢ (kPa) Imz;n?; frl(cot;on
(MPa) ! gey
200 0.35 20 25

Rockbolt parameters

Circumferential ~Longitudinal space
space s, (°) s. (m)

3 25 20 0.6

Length / (m) Radius R, (mm)
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Fig. 7 Rock displacement along radial direction with
different rockbolt radii

the initial ground stress, tunnel radius, rock parameters and
support pressure are all taken from the above section. The
radius of rockbolts is 25 mm, and circumferential space and
longitudinal space are 20° and 1m, respectively. As shown
in Fig. 6, curves for the rock displacement under the
condition ofdifferent rockbolt lengths are plotted. These
diagrams are drawn for R=2, 2.5, 3 and 3.5 m.

Results in Fig. 6 clearly demonstrate that the rockbolt
length has a great influence on rock displacement. From
Fig. 6, the rock displacement at tunnel wall decreases from
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Fig. 9 Rock displacement along radial direction with
different rockbolt circumferential spaces

105.12 mm to 43.86 mm when rockbolt length increases
from 2 m to 2.5 m. Moreover, rock displacement continues
to decrease as rockbolt length increases. It should be noted
that if rockbolt length becomes large enough, the further
improvement of rock displacement will not be obvious by
still increasing their length. For instance, rock displacement
only decreases from 19.53 mm to 6.62 mm as rockbolt
length increases from 3 m to 3.5 m. Hence, it is safe to state
that the installation of rockbolts in tunnels plays an
important role in controlling rock displacement, and the
effect on rock displacement reduction increases as the
rockbolt length becomes larger. However, it is undesirable
to further increase their length in order to achieve smaller
rock displacement. For practical engineering, there should
exist a reasonable length range for rockbolts.

In addition, it can be found from Fig. 6 that in spite of
different rockbolt lengths the plastic radii of tunnel are
equal in these cases. It can be explained that the reinforced
zone is dominated by rockbolt length but mechanical
parameters of the reinforced zone are controlled by their
radius and installation density. That, the plastic radius of
tunnel is the same in these four cases with same ground
stress and support pressure.

3.2.2 Influence of rockbolt radius
The influence of rockbolt radius is then investigated.
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Under the condition of other parameters remaining
constant, rockbolt length is determined as 3m, and radii are
5, 10, 15, 20 and 25 mm, respectively. As shown in Fig. 7,
rockbolt radius significantly affects the rock displacement
as well, and rock displacement decreases with the increase

of rockbolt radius. Interestingly, it can be found that the
difference values of rock displacement at tunnel wall
between two adjacent cases, for instance 7=5 mm and
=10 mm, are 26.82, 39.74, 41.24 and 33.35 mm,
respectively. This difference value increases first and then
decreases although the value added of rockbolt radius is the
same. It can be considered that in the condition of
calculating parameters in this paper the utilization of
rockbolts is the highest with the rockbolt radius of 20 mm.
Therefore, the judgement that there is the highest utilization
of rockbolts corresponding to a certain rockbolt radius can
be made.

Fig. 8 shows the variation of plastic radius of tunnel
with the rockbolt radius. It is clear form Fig. 8 that plastic
radius of tunnel gradually decreases with the increase of
rockbolt radius, and there exists a second order function
relationship between the plastic radius of tunnel and
rockbolt radius. Under the condition prescribed in this
paper, the plastic radius of tunnel changes more quietly and
the improvement is no longer evident.

3.2.3 Influence of rockbolt installation density
(circumferential and longitudinal spaces)

It is generally accepted that more rockbolts need to be
used in tunnels when excessive deformation occurs. The
investigation on the effects of installation density of
rockbolts including circumferential space and longitudinal
space is conducted as well. In this analysis, the rockbolt
length and radius are 3 m and 25 mm. As shown in Figs. 9
and 10, these curves for rock displacement and plastic
radius of tunnel are plotted for circumferential spaces of
rockbolts 5,=20°, 25°, 30°, 35° and 40°, respectively, and
longitudinal space s. of 0.6m. Curves in Figs. 9 and 10 are
plotted with longitudinal spaces of rockbolts 5. =0.6, 0.8,
1.0 and 1.2 m, respectively, and circumferential space s, of
20°.

Results in Figs. 9-12 show that the installation density
of rockbolts plays an important role in controlling
supporting effect. Rock displacement decreases with the
reduction of either circumferential space or longitudinal
space. Based on the results in Figs. 9 and 11, contrary to
rockbolt length, the rock displacement decreases in an
accelerative trend as either circumferential space or
longitudinal space continues to decrease. For instance, rock
displacement has dropped by 12.74 mm and 20.90 mm as
circumferential space of rockbolts decreases from 40° to
35° and from 25° to 20°, respectively. It can also be found
from Figs. 10 and 12 that the plastic radius of tunnel and
rock displacement follow the same changing trend.
Therefore, increasing the installation density of rockbolts is
considered as an effective way to improve tunnel
performance.

3.2.4 Influence of yielding displacement and stiffness
parameter

For yielding supports, yielding displacement u, and
stiffness parameter for yielding A; are considered as the
most important parameters. Here, the parametric
investigations on these two parameters are also performed.
The initial ground stress and tunnel radius remain
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unchanged. Rockbolt length, radius, circumferential space
and longitudinal space are 3 m, 25 mm, 20° and 0.6m,
respectively. The support stiffness is 500 MPa and the
stiffness parameters for yielding 4; and 4, are 0 and 1. The
support is considered to yield as support pressure reaches

0.5 MPa. As shown in Figs. 13 and 14, curves for support
pressure and plastic radius of tunnel are presented with
yielding displacement u,=0, 20, 40, 60 and 80 mm,
respectively.

When the yielding displacement u, is Omm, yielding
supports change to the traditional stiff supports. From Fig.
13, the supporting curve is a straight line in this condition
and the support pressure reachs the maximum (p=1.15
Mpa). With the increase of yielding displacement the
support pressure gradually decreases. Similarly, a second
order function relationship between support pressure and
yielding displacement can be found in Fig. 13. When the
yielding displacement exceeds 60 mm, the yielding effect
becomes no longer obvious.

Fig. 14 provides the results of plastic radius of tunnel
with different yielding displacements. Unfortunately, it can
be seen that the plastic radius gradually increases because
of greater yielding displacement causing smaller support
pressure. Although this growing trend is slowing down, the
aim of achieving smaller support pressure is in conflict with
the control of plastic radius of tunnel by increasing yielding
displacement. Actually, it deals with a complex process to
determine an optimal yielding displacement and a
comprehensive investigation is the prerequisite, combining
rock properties, support characteristics and tunnel design
requirements.

As shown in Fig. 15, this diagram is drawn for the
stiffness parameters for yielding 4; =0, 0.05, 0.1, 0.15, 0.2,
0.3, 0.4 and 0.5, respectively, and yielding displacement
u,=40mm. It can be seen from Fig. 15 that there exists a
linear relationship between stiffness parameter for yielding
A1 and support pressure. In yielding deforming phase, the
greater parameter A; of supports means the stronger restraint
for rock deformation. When parameter 4,=0, yielding
supports can be referred as the completely yielding
supports, and they change into the stiff with this parameter
ranging from 0 to 1. However, considering the smaller
support pressure resulting in larger plastic radius of tunnel,
it is safe to conclude that it is better to choose completely
yielding supports when other requirements for tunnel design
are satisfied.

4. Conclusions

Attempt has been proved to be effective that
surrounding  rock  reinforcement is  emphasized
simultaneously considering displacement release in weak
rock tunnels. The coupled influences of rockbolt
reinforcement and yielding supports on tunnel mechanical
response are analytically investigated. The calculation
formulas for mechanical parameters of bolt-reinforced
surrounding rock are first proposed using homogenization
method; then then analytical solutions for rock
displacement and support pressure around a circular bolt-
reinforced and yielding supports-supported tunnel are
provided. Finally, based on the analytical solutions a
comprehensive parametric investigation is carried out.
Some recommendations for the design of rockbolts and
yielding supports can be obtained as follows:
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Rockbolt length has a great influence on the rock
displacement. The effect on rock displacement reduction
gradually increases as the rockbolt length increases.
However, when rockbolt length becomes large enough, the
further improvement of rock displacement will not be
obvious by still increasing their length. For rockbolt radius,
both rock displacement and plastic zone of tunnel decrease
with its increase. There should be the highest utilization of
rockbolts corresponding to a certain rockbolt radius. In
addition, the rock displacement and plastic zone of tunnel
also decrease as installation density of rockbolts including
circumferential space and longitudinal space increases. But
under the condition prescribed, the decreasing trend
changes more quietly and the improvement is no longer
evident.

For yielding supports, yielding displacement and
stiffness parameter for yielding in yielding deforming stage
are the most important parameters. Larger yielding
displacement and stiffness parameter lead to smaller
support pressure, but greater plastic radius of tunnel. The
optimal yielding displacement and stiffness parameters need
to be determined through a comprehensive investigation
combining rock properties, support characteristics and
tunnel design requirements.
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