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Abstract:

During the excavation of three-parallel-hole tunnel, the tunnel might collapse due to over-stress as a result of in-

adequate rock pillar width. Treating the rock overburden depth, rock strength, and rock pillar width as variables, a series of 3D
numerical analysis was carried out to examine the effect of each variable on the safety of the tunnel, in particular the rock pillar. A
stress strength ratio (SSR) was used to define whether the safety of the rock pillar was exceeded. A simple design chart for the case
of three-parallel-hole tunnel, which took into account the influence of overburden depth, rock pillar width, and rock strength, was

also proposed for used in the preliminary design stage.
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INTRODUCTION

Taiwan is a mountainous island with little plains;
and developments in the metropolitan areas have
resulted in the construction of transportation network,
such as the expressway spreading toward the hilly
areas. Consequently, a big portion of the expressway
requires tunneling through the mountainous terrains.
Most of the expressway tunnels in Taiwan are de-
signed as two-parallel-hole tunnels, while some of the
long tunnels are designed as three-parallel-hole tun-
nels with a pilot tunnel running between the two main
tunnels (TANEEB, 1991). During the excavation of
the tunnel in the rock formation, the stress state of the
rock mass, initially in equilibrium, is redistributed
through the deformation of the surrounding rock pil-
lar and rock mass and the supporting rock mass lining.
In a multi-hole tunnel construction, the pilot tunnel is
subjected to stress redistribution because of the main
tunnels excavation, which leads to a secondary de-
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formation in the rock mass surrounding the tunnels
and in the rock pillars between the tunnels. If the rock
pillar width is insufficient, it is possible that the tun-
nels would fail under tangential uniaxial stress. 2D
effects of rock pillar width on the excavation behavior
of parallel tunnels were studied by Chen et al.(2009),
however, the geometry and behavior of rock bolts
and anchors can not be truly represented in a 2D
analysis.

As technology advances, the performance of
computer improves vastly. The popularity of 3D
analysis using various numerical tools is now easily
available. In this study, a 3D numerical analysis pro-
gram was deployed to simulate the excavation and
construction of the three-parallel-hole Xueshan Tun-
nel and to investigate the interaction behavior of the
tunnels before and after such excavation.

The 12.9-km long Xueshan Tunnel, which is the
fifth longest road tunnel in the world and the longest
in Southeast Asia, consists of two main tunnels and
one pilot tunnel and penetrates through the Xueshan
Mountain Range with complex geology and topog-
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raphy. There were six major faults along the tunnel
alignment together with numerous fractures and the
rock masses of the mountain were classified from
class Il to class VI. At its deepest point the tunnel
measures 750 m below the surface and the three fre-
quently encountered overburden depths along the
tunnel alignment were 100, 250, and 625 m. Reader
may refer to Chen et al.(2009) for more details on the
background of the Xueshan Tunnel.

As a result, a total of 36 numbers of 3D analyses
are conducted. The effects of rock overburden depths
(100, 250 and 625 m), rock strength based on rock
mass classification (classes I, IV and VI) and rock
pillar widths (0.5B, 1B, 2B and 4B, where B is the sum
of the radius of the pilot and the main tunnels) on the
safety of rock pillar during and after tunnel excava-
tion are discussed.

NUMERICAL MODELING

Finite element mesh

The mesh created was generally similar to the
mesh as shown in Fig.1, with the exemption of the
upper block. Fig.1a is specifically meant for the case
with an overburden depth of 625 m, where the mesh
was divided into upper and lower portions. The upper
block was used to reduce the number of mesh ele-
ments, and hence, the calculation time. This was

T 7| Upper block

LU D Lower block

@)

(b)
Fig.1 (a) Mesh for the 625 m overburden tunnel model;
(b) density of grid around the three tunnels

done by simply assignhing a much heavier unit weight
to it so that the tunnels would have an overburden
stress that is equivalent to an overburden of 625 m.
The parameters of the upper block were essentially
similar to those shown in Table 1, except that its dry
and wet unit weights were 885.5 and 962.5 kN/m?,
respectively. The dimension of the bottom block mesh
was 400 m wide, 290 m high and 21.6 m thick. The
centers of the pilot and two main tunnels were located
at (0, -5, 0), (-13, 0, 0) and (13, 0, 0), respectively.
The pilot tunnel used was a four-arc horseshoe shape
tunnel with a radius of approximately 2.5 m, whereas
the main tunnel was a three-arc horseshoe shape
tunnel with a radius of approximately 6 m.

As for the boundary conditions, horizontal dis-
placement was prevented at the four vertical planes of
the model while both the vertical and horizontal dis-
placements were prevented at the base of the model.
The top boundary was a free boundary.

Table 1 Parameters for classes 11, IV and VI rock mass
(TANEEB, 1991)

Parameter Rock mass type

I v \|
Dry density (kN/m®) 23 23 23
Wet density (kN/m?) 25 25 25
Young’s modulus (kPa) 3.0E6 12E6  5.0E5
Poisson’s ratio 0.25 0.25 0.30
Cohesion (kPa) 1000 300 100
Friction angle (°) 35 30 25
Dilation angle (°) 0 0 0
Tension cut off (kPa) 200 60 20
Stress release rate of rock 85 75 65

mass (%)

Materials parameter

The rock mass materials were assumed to be
homogeneous and isotropic and their hardness can be
identifiable using the geological strength index (Hoek
and Brown, 1997). The parameters for rock mass
classes Il, IV and VI used in the following analysis
are shown in Table 1. The value of the stress release
rate of rock mass in Table 1 was taken to be less than
1.0 (Brinkgreve and Vermer, 1998).

In addition, the formula representing the rela-
tionship between the isotropic coefficient of lateral
earth pressure k, and overburden depth was obtained
from Kuang and Wang (1993) who performed inverse
analysis on the data of 180 tunnels throughout the
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eastern and central parts of Taiwan. Their isotropic
coefficient of lateral earth pressure is

ko _ 2.OH_0'0986, (1)

where H is the overburden depth.

As the topography and geological conditions
were complicated and difficult to assess, groundwater
table was excluded in the current analysis. In addition,
the effect of rock mass creeping was not considered as
this parameter was not available. The constitutive
model used to represent the rock mass was elastic-
perfectly plastic with Mohr-Coulomb failure criterion.
Non-associated flow rule was employed with a
built-in dilation angle, which means that there was no
plastic volumetric expansion behavior after the ma-
terial failed under constant shear stress.

The support systems adopted in this study were
rock anchor and shotcrete. The parameters for the
rock anchor and shotcrete adopted for both the pilot
and main tunnels in the rock mass classes Il, 1V and
VI are given in Tables 2 and 3, respectively. The rock
anchor is made from reinforcement bar of 25 mm in
diameter with a Young’s modulus of 250 GPa. The
shotcrete has compression strength of 21 MPa, and
its Young’s modulus was determined from

15000,/ f, = 21.74 GPa, where f; is the compression

strength of the shotcrete. The analysis did not con-
sider the primary support sets of the steel ribs and
rock bolts.

Plate elements were used to represent the tunnel
lining while anchor elements (node-to-node members)
were used to represent the rock anchors, hence only
axial forces were modeled in the anchors, and no
bending moment or friction force was obtained. The
reason why such anchor element was still employed
was that the pre-tension force could be applied to such
element.

Modeling procedures

Although the final results for comparison in this
study were taken when all the three tunnels are holed
through, in which a 2D plane strain analysis is also
acceptable, the geometry and behavior of rock bolts
and anchors cannot be truly represented in such a 2D
analysis. As a result this study used the commercial
program PLAXIS 3D-Tunnel (Brinkgreve et al., 2005)
for the following parametric study.
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Table 2 Parameters for rock anchors (for all pillar
widths)

Rock mass type
I v Vi
N/A 5 5

Parameter

Crowning rock
anchor length (m)

Side wall rock
anchor length (m)

N/A 9 9

Main  voung’s modulus (kPa) N/A 2.5E8 2.5E8
wnnel -\ ormal stiffness (kN) ~ N/A 1.2E5 1.2E5
Pre-tension (kN) N/A 981 981
Rock anchor length (m)  N/A 3 3
Pilot Young’s modulus (kPa) N/A 2.5E8 2.5E8
tunnel  Normal stiffness (kN) N/A 1.2E5 1.2E5
Pre-tension (kN) N/A 981 981

N/A: not applicable

Table 3 Parameters for shotcrete

Rock mass type
1 v \|
015 020 0.25
Young’s modulus (kPa) 2.1E7 2.1E7 2.1E7

Normal stiffness (kN/m) 3.15E6 4.2E6 5.25E6

Main Flexible stiffness 5006 14000 27344
tunnel  (KN-m?/m)

Unit weight (kN-m/m) 3.6 4.8 6.0
017 017 017
010 015 0.20
Young’s modulus (kPa) 2.1E7 2.1E7 2.1E7
Normal stiffness (kN/m) 2.1E6 3.15E6 4.2E6
1750 5906 14000

Parameter

Shotcrete thickness (m)

Poisson’s ratio

Shotcrete thickness (m)

Pilot . _
tunnel Flexible stiffness

(kN-m?/m)
Unit weight (kN-m/m) 2.4 3.6 4.8
Poisson’s ratio 017 017 017

Tunnel excavation commenced immediately af-
ter the model achieved its initial stress state. The
excavation sequence is denoted in Fig.2. The pilot
tunnel was excavated in 2 stages: the upper and lower
halves of the cross section; and the left and the right
main tunnels were excavated in 3 stages: crown,
bench, and invert (Fig.2a). For the main tunnel ex-
cavation in classes Il, 1V and VI rock masses there
were 2 steps in every bench: the first was the tunnel
excavation and the second was the lining and rock
anchors installation (Figs.2b and 2c). Table 1 shows
the stress release rates used in the analysis. The sec-
ond step followed as soon as the forces and dis-
placements reached equilibrium.
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(b)

(©
Fig.2 Bench excavation of main tunnel in (a) class 11, (b)
class 1V and (c) class VI rock masses

The advancing step (distance) for the 3D analy-
sis was 1.6 m in class Il rock mass, 1.2 m in class 1V
rock mass and 0.8 min class VI rock mass. In addition,
for every step advanced, the previous step was strut-
ted. Because class Il rock mass has higher strength
than classes IV and VI rock masses, thus only shot-
crete was used in its support system (Fig.2a). As class
IV rock mass has a lower strength than class 11 rock
mass, both the shotcrete and rock anchors were used
for its support system (Fig.2b). Since class VI rock
mass was the weakest among the three rock masses,
shotcrete, rock anchors, and temporary crowning
were provided in the excavation of the upper cross
section of the pilot and main tunnels (Fig.2c). In ad-
dition, a 10 m temporary crowning was provided
during the bench excavation of the main tunnel.

RESULTS AND DISCUSSION
The results of the three-parallel-hole tunnel

analysis, obtained from a series of Plaxis 3D-Tunnel
version 2.0 modeling, are presented and discussed.
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Stress strength ratio (SSR), which represents the
ratio of the maximum in situ deviatoric stress in a
rock pillar and the actual material strength at the same
point at each step of the tunnel excavation, was used
to define the stress state of the rock pillar. The SSR
ratio was employed by a few researchers studying
tunnel-related problems (e.g., Hakala and Tolppanen,
2003; Shrestha, 2005). The maximum in situ devia-
toric stress J can be calculated from

0.5
1=| Yo -op oo sey-air'} | @

where o, o, and o, are the effective major, inter-

mediate, and minor principal stresses, respectively.
The actual material strength can be calculated from

¢’ ,
[tan¢,+ p jg(e), (2)

where ¢ is the angle of shearing resistance, ¢’ is the
cohesion intercept, and p’ is the mean effective stress
taken as

r l ’ ’ ’
P=§(01+02 +03), (3)

and g(0) is effect of Lode angle, which is expressed as
(Georgiadis et al., 2004)

sing’

cos@+ (sindsing) /3’ )

g(0) =

hence,

SSR = J 5)

= , .
(tan¢,+pjg(9)

The initial major principal stress 1" can be cal-
culated by multiplying the overburden depth with the
material dry density (Table 1). The initial minor prin-
cipal stress, which is the initial intermediate principal
stress, is taken as o, =03'=k,01’, Where k, is calculated
from Eq.(1). Hence, the initial p’ for overburden depth
of 100, 250, and 625 m is 2714, 6365, and 14951 kPa,
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respectively. The corresponding initial in situ devia-
toric stress for overburden depth of 100, 250, and
625 mis 359, 532, and 499 kPa, respectively.

The value of SSR, calculated from Eq.(6), will
range from O to 1. The closer it is to O the safer the
rock pillar is, because it indicates that the deviatoric
stress in the rock pillar during an excavation step is
small. However, if SSR approaches 1, it means that
the deviatoric stress in the rock pillar during an ex-
cavation step is close to the material strength, and
hence, the rock pillar is in a relatively unsafe stress
state. To obtain the deviatoric stress recording points
have been installed in all the models. Gauss stress
points that displayed the smallest SSR value before
tunnel excavation were selected from the left and the
right rock pillars, shown as points Aand B in Fig.3, as
recording points in this study. This is because, if after
excavation, the SSR of either point A or B approaches
1 then all the points on that rock pillar must have had
achieved an SSR of 1, and hence, failed.

Fig.3 Location of stress recording points A and B

Influence of rock overburden

Three different rock overburden depths: 100,
250 and 625 m for each of the rock mass classification
(rock strength), are investigated in this study for their
influences on the safety of rock pillar with the widths
of 0.5B, 1B, 2B and 4B. Here, B is the sum of pilot
tunnel radius and main tunnel radius. Rock overbur-
den depth affects the in situ vertical stress, and hence,
the mean effective stress p’ of the rock pillar.

For each pillar width, the smaller the mean ef-
fective stress was, the smaller the SSR would be
(Fig.4). A smaller mean effective stress corresponded
to a shallower rock overburden depth. Therefore, the
shallower the overburden is the safer the rock pillar
was. Figs.4a~4c also show that, for a particular mean
effective stress and rock pillar width, rock pillar made

of stronger class |l material (Fig.4a) attained a lower
SSR value compared to the rock pillar made of
weaker class VI material (Fig.4c). The best fitted
equations, representing the relationship between SSR
and mean effective stresses, were also obtained for the
different classes of rock mass in Fig.4.

L0 Depth 100 m

* Depth 250 m
| 0 Depth 625 m

0.8

0.6 SSR15=0.026p'+0.43

SSR

0.4r

b SSR;5=0.023p'+0.14

0.2r 5 1
* SSR45=0.0091p’+0.047

O 5 10 15 20

Mean effective stress (MPa)
(a)
1.0 T — T
SSRos8= 5
0.8t SSR;=0.037p'+0.77
*
. 0.6f SSR2z=0.033p’+0.37
%]
(%]
0.4¢ °
0.2 o Depth 100 ]
SSR4£=0.024p'+0.059 * Depth 250 m
0 Depth 625 m
% 5 10 15 20
Mean effective stress (MPa)
(b)

0.2} SSRg=0.01p'+0.29 o Depth 100 m |
* Depth 250 m
oODepth 625 m
% 5 10 15 20
Mean effective stress (MPa)
(©)

Fig.4 Mean effective stress vs SSR for (a) class 11, (b)
class 1V, and (c) class VI rock masses. Subscript of SSR
denotes the rock pillar width, e.g., SSR,g means SSR for
rock pillar width 4B
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Influence of rock strength

Three different rock mass classifications: classes
I1, IV and VI for each of the overburden depth were
investigated here for their influences on the safety of
rock pillar with widths of 0.5B, 1B, 2B and 4B. The
influence of the rock mass classification, in terms of

.
fiaay

1.0 -
00.5B

01.0B
©2.0B
>4.0B
+Class Il
Class I\
x Class VI

0.8}

0.6

SSR

0.4t 1
SSRys5=—0.39 7post+1-7§1-0
SSR1g=-0.570+1.6<1.0 |
SSR25=—0.45 7p04+1.2<1.0
SSR4B:—O.23 Tpgg[+0.54

0.2f

0 2 4 6 8 0 12

Post-excavation strength (MPa)
@)

@SSRO‘sgzl

SSR15=—0.24 g0+1.8<1.0
SSR25=—0.46 705+2.3<1.0
SSRAB:—O.Z Tp05[+0.93

o
7] 00.5B
01.0B
©2.0B
>4.0B
+Class Il 4
Class IV
x Class VI
O 2 4 6 8 10 12
Post-excavation strength (MPa)
(b)
1.0 Ozt B
SSR4g=—0.1 705t+1.1<1.0
0.8f
0.6f
o
[99]
w 00.5B
0.4f O1.0B
©2.0B
>4.0B
0.2[ +Class Il
Class IV
* Class VI . . . .
00 2 4 6 8 10 12
Post-excavation strength (MPa)

(©

Fig.5 Post-excavation strength (zes) Vs SSR for over-
burden depth of (a) 100 m, (b) 250 m, and (c) 625 m.
Subscript of SSR denotes the rock pillar width, e.g.,
SSR4g means SSR for rock pillar width 4B

post-excavation rock strength, on the safety of rock
pillar could be studied from Fig.5, where the rock
post-excavation strength was plotted against SSR.

For a particular overburden (Fig.5a, 5b and 5c
are for overburden depths 100, 250, and 625 m, re-
spectively), a higher post-excavation strength is gen-
erally corresponded to a stronger rock mass (class Il is
stronger than class 1V, class IV is stronger than class
VI). Take Fig.5a for example, for a particular rock
pillar width (take any of the four straight lines), SSR
is inversely proportional (straight line with negative
gradient) to the post-excavation strength, i.e., the
higher the post-excavation strength, the lower the
SSR. This implies that, for a particular pillar width,
tunneling in class Il rock mass is always safer (be-
cause SSR is the lowest on this straight line) than
tunneling in class VI rock mass (SSR is always the
highest on this straight line).

It was also possible to evaluate Fig.5 from the
overburden point of view. Fig.5a shows a lower
post-excavation strength compared to that shown in
Fig.5c; this is because the mean effective stress is
lower in Fig.5a (overburden depth=100 m) than that
in Fig.5c (overburden depth=625 m) and that from
Eq.(3) rock strength is proportional to the mean ef-
fective stress. In addition, Fig.5¢ shows that the SSR
values were generally higher than the corresponding
ones presented in Fig.5a. This implied that the deeper
the overburden depth, the higher the SSR value. The
best fitted equations, representing the relationship
between SSR and post-excavation strength, were also
obtained for the three different overburden depths
(100, 250, and 625 m) in Figs.5a~5c, respectively.

Influence of rock pillar width

The influence of rock pillar widths can be stud-
ied from Fig.4 or Fig.5. Take Fig.4 for example, it can
be seen that the wider the rock pillar width (4B), the
lower its SSR value. For class Il rock mass, even a
rock pillar width of 0.5B could still be safe for tun-
neling under an overburden depth of 250 m (Fig.4a).
For class VI rock mass, rock pillar widths of 0.5B and
1B would result in an unsafe tunneling (Fig.4c).

As for Fig.5a, which shows the post-excavation
strength versus SSR for an overburden depth of 100 m,
rock pillar width of 0.5B could only be used in class Il
rock mass. For classes IV and VI rock masses, one
should anticipate an unsafe tunneling work. For rock
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pillar width of 2B, unsafe tunneling would still occur
in class VI rock mass under the overburden depths of
250 and 625 m. For the three overburden depths: 100,
250 and 625 m, it was necessary to use a rock pillar
width of 4B for all the three different classes of rock
mass.
Combined interaction of overburden, rock
strength, and rock pillar width

The combined interaction of rock overburden
depth (mean effective stress), rock strength and rock
pillar width on the safety of a three-parallel-hole
tunnel can be studied by normalizing the mean effec-
tive stress against the material post-excavation
strength, as shown in Fig.6a. For Fig.6a, the hori-
zontal x-axis denotes the ratio of “mean effective
stress and post-excavation material strength” and the
vertical y-axis denotes the “rock pillar width”. From
all the data points plotted on Fig.6a, one could perform
interpolation and hence obtain the three straight lines,
which represent the SSR of 0.25, 0.5, and 1.0, respec-
tively. Thus, from the three straight line of positive
gradient it was observed that the ratio of mean effec-
tive stress and post-excavation material strength in-
creases as the ratio of rock pillar width increases.

Class " _7SSR=0.25
P S\ A\ )
< SSR=0.5
o
S5t
> _-SSR=1.0
S
z2f °
~ |- )
é 1t * o o‘,_—“;/ o © H=100 m/|
* ‘_u"’—; * 0 *o o *H=250 m
0 . . OH=625m
1.0 15 2.0 25 3.0
Mean effective stress/post-excavation strength
(a)
5 T T
1: SSR<0.25 SSR=0.25
4} 11:0.25<SSR<0.5
= I11: 0.5<SSR<1.0 SSR=0.5
kel 3
2 3} IV:SSR>10
5 SSR=1.0
3 27 11|
X
8
1 -
= v
0 f . .
1.0 15 2.0 25 3.0
Mean effective stress/post-excavation strength
(b)

Fig.6 (a) Ratio of mean effective stress and material
strength vs rock pillar width; (b) idealized plot of (a)

Fig.6a could be slightly idealized by making the
line representing SSR=0.25 slightly parallel to the
other two SSR lines, as shown in Fig.6b. One could
then divide Fig.6b into four regions (I~I1V), where
SSR<0.25, 0.25<SSR<0.5, 0.5<SSR<1.0, and
SSR>1.0. This figure could then be used in the initial
planning and design of a three-parallel-hole tunnel,
providing the information of overburden depth and
material strength, together with the design value of
the SSR criterion.

It should be noted that Fig.6b only applies to the
excavation of three-parallel-hole tunnels with rock
overburden depths ranging from 100 to 625 m, classes
Il through VI rock mass, and rock pillar width be-
tween 0.5B and 4B. In addition, the limitation of Fig.6
is that the influences of the relative sizes between the
pilot tunnel and the main tunnels on the safety of the
rock pillar have not been taken into account in this
study.

CONCLUSION

In this paper, a series of numerical modeling was
carried to study the influences of rock overburden
depth, rock strength, and rock pillar width on the
safety of three-parallel-hole tunnel. The safety of the
tunneling was quantified through the introduction of
the stress strength ratio SSR. From the study, the
following conclusions can be made:

1. Stronger material was always associated with
a lower SSR value.

2. Deeper overburden depth was associated with
a higher SSR value.

3. In most cases, the wider the rock pillar width
was the safer the tunnel would be.

In this study, a normalized plot of the ratio of
mean effective stress/material strength versus the
ratio of rock pillar width for a specific three-parallel-
hole tunnel excavation was suggested. If there is a
rock mass undergoing a three-hole tunnel excavation
in which the above three parameters dominate, the
SSR of the tunnel can be estimated by first calculating
the “mean effective stress” from Eq.(4) and then the
“material strength” from Eq.(3). Hence, the stress
state of the rock pillar can be predicted for the initial
stage of the design.
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