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Stress interactions between two asymmetric noncircular tunnels
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Abstract. The continually growing demand for underground space in dense urban cities is also driving the demand for
underground highways. Building the underground highway tunnel, however, can involve complex design and construction
considerations, particularly when there exists divergence or convergence in the tunnel. In this study, interaction between two
asymmetric noncircular tunnels-that is, a larger main tunnel and a smaller tunnel diverging from the main tunnel, was
investigated by examining the distributions of the principal stresses and the strength/stress ratio for varying geometric conditions
between the two tunnels depending on diverging conditions using both numerical analysis and scale model test. The results of
numerical analysis indicated that for the 0°, 30°, 60° diverging directions, the major principal stress showed an initial gradual
decrease and then a little steeper increase with the increased distance from the left main tunnel, except for 90° where a
continuous drop occurred, whereas the minor principal stress exhibited an opposite trend with the major principal stresses. The
strength/stress ratio showed generally a bell-shaped but little skewed to left distribution over the distance increased from the left
larger tunnel, similarly to the variation of the minor principal stress. For the inter-tunnel distance less than 0.5D, the lowest
strength/stress ratio values were shown to be below 1.0 for all diverging directions (0°, 30°, 60° and 90°). The failure patterns
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observed from the model test were found to be reasonably consistent with the results of numerical analysis.
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1. Introduction

With increasing interests on deep urban underground
roads as the solution to the problems of traffic congestion,
lack of above-ground space, and environmental pollution,
the construction of underground expressways has been
receiving considerable attentions in Korea. As for the types
of underground expressway tunnel, a double-deck tunnel
may be a fascinating alternative to two parallel tunnels due
to the lower construction cost. However, since the
underground expressway should have ramp tunnels
connecting surface level to main tunnel deep underground,
the double-deck tunnel can involve more complicate
construction processes, especially for the section where the
tunnel is diverged or converged, compared with two parallel
tunnels. For instance, when a 1-level ramp tunnel is
diverged from the 2-level main double-deck tunnel, the
geometric conditions between the two tunnels in the
divergence section become relatively complicated, which
may make the interaction between the two tunnels more
complex, giving rise to instability problems.

Interaction between adjacent tunnels have been studied
by many researchers (Ghaboussi and Ranken 1977, Xie et
al. 2004, Gergek 2005, Chehade and Shahrour 2008, Kim
and Bae 2008, Hsiao et al. 2009, Kim et al. 2012, Chung et

*Corresponding author, Professor
E-mail: bkim1l@dongguk.edu

Ph.D. Student

*Professor

‘Graduate Student

Copyright © 2018 Techno-Press, Ltd.
http://www.techno-press.org/?journal=gae&subpage=7

al. 2013, Kim and Lee 2013, Lee et al. 2013, Kang et al.
2014, Jung et al. 2014, Do et al. 2014, Lim and Son 2014,
Nawel and Salah 2015, Das et al. 2017, Zheng et al. 2017,
Kim and Kim 2017). Ghaboussi and Ranken (1977)
performed a series of two-dimensional finite element
analyses to study the behavior of a system of two parallel
and adjacent tunnels by considering various sequences of
excavation. The ground was modelled as an elastic material.
The results indicated that, for the configurations
investigated, the computed interactions between two
parallel tunnels were small when the centre-line spacing
was greater than about two tunnel diameters. Xie et al.
(2004) studied the stability of two parallel circular tunnels
with different diameters in cohesive soil by investigating
the relationship between the collapse stability ratio and the
pillar width between the two tunnels using finite element
method (FEM). They reported that the pillar width had a
critical value of 18m when the diameter ratio of two parallel
circular tunnels was 2 and the thickness of the cover soil
was equal to the diameter of the larger tunnel, and further
increase in the pillar width would not result in a significant
increase in the collapse stability ratio. Chehade and
Shahrour (2008) performed a parametric study on twin
circular tunnels using FEM to examine the effect of the
relative position of tunnels (i.e., aligned-horizontally,
vertically and inclined between the twin tunnels) and the
construction procedure on soil movement and internal
forces in the lining. They reported that the highest soil
settlement is obtained for vertical aligned tunnels, while
horizontal aligned tunnels cause the lowest settlement. Do
et al. (2014) performed a numerical investigation on the
influences of the segment joints and tunnel distance on the
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structural lining forces induced in twin tunnels and reported
that the structural lining forces induced in the first tunnel
through various phases are considerably affected by the
second tunnel construction process. Kang et al. (2014)
studied the behavior of rock pillar in the diverging area of
road tunnel by a three-dimensional numerical simulation
and proposed a safety factor chart to reflect the effects of
pillar width, tunnel overburden depth, and rock condition.
They found that the safety factors show nonlinear
distributions with respect to overburden depth and rock
class with increasing the pillar width. Nawel and Salah
(2015) also studied numerically the interaction effects
caused by the construction of two parallels tunnels by
considering several parameters such as tunnel size, depth,
the relative position between two tunnels and lining
thickness. On the other hand, Kim and Bae (2008)
performed a series of scaled model test on three parallel
tunnels and investigated their stability by examining crack
initiating pressures and deformation behaviors. The results
showed that shallower pillar widths are unstable because of
lower crack initiating pressures and larger tunnel
convergences compared with thicker pillar widths. Lee et
al. (2013) investigated the behaviors of two parallel tunnels
subjected to different types of enlargement using FEM and
reported that for the tunnels with the same pillar width after
enlarged, uni-lateral  enlargement induced higher
deformations compared with the bi-lateral enlargement.

Concerning the interaction between adjacent tunnels,
however, most studies have been focused on parallel tunnels
as described and, moreover, many cases of which were for
circular tunnels or for tunnels in symmetric conditions.
Little attention has been paid to the interaction between two
tunnels in asymmetric geometric configurations. This study
concerns the interaction between two asymmetric
noncircular tunnels. Specifically, interactions between a
large-diameter double-deck tunnel and a ramp tunnel with
smaller diameter diverging right from upper level of the
main double-deck tunnel, all constructed using New
Austrian Tunneling Method (NATM), are considered. In
order to investigate the interactions between the two
tunnels, a numerical analysis was performed using 2-D
finite difference method (FDM), and the stresses between
two tunnels in various geometric configurations were
analyzed. The tunnel stability and the effect of geometric
conditions were examined by calculating strength-stress
ratio between the two tunnels. Model tests were also carried
out on some of the geometric configurations used in the
numerical analysis to examine further interaction behavior
between two tunnels and to compare with the results of the
analysis.

2. Methods
2.1 Numerical analysis

Since the case employed in this study was about two
NATM tunnels-that is, a main double-deck tunnel and a
ramp tunnel diverging right from upper level of the main 2-
level tunnel, various geometric conditions between the
main- and the diverging tunnel depending on varying
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Fig. 1 Cross-section for numerical analysis adopted in
this study

Table 1 Rock mass properties used in analysis

Rock Unit weight  Elastic Modulus Cohesion (kPa) Friction angle  Poisson ratio
mass (kN/m®) (MPa) (v)
RMR class V 23 580 170 34 0.26

diverging distances and diverging directions were
considered for a numerical analysis. The term ‘diverging
distance’ was here used to mean inter-tunnel distance - that
is, the distance separated between the main tunnel and the
diverging tunnel. As for the main tunnel, one-way, two-lane
double-deck tunnel with 12 m in width and 10.8 m in height
was assumed to be located at 40 m deep underground rock
mass. For the diverging tunnel, one-lane tunnel with 6m in
width and 4m in height was adopted and assumed to be
diverged from upper level of the main double-deck tunnel.
For this case, the numerical analysis was performed on a
total of sixteen different geometric conditions between the
two tunnels by considering four diverging distances (i.e.,
0.3D, 0.5D, 0.7D and 1.0D; separated distance between the
main tunnel and each diverging tunnel, D = the largest
width of the cross-section of the main tunnel) and four
diverging directions (i.e., 0°, 30°, 60°, and 90°; angle
between horizontal direction and diverging tunnel direction
from the center of the main tunnel cross-section). Fig. 1
represents the sketch of the 2-D analysis cross-section in
which all the diverging conditions analyzed are displayed
together.

The main tunnel and the diverging tunnels were all
assumed to be excavated in the same ground condition - that
is, in an RMR class IV rock mass with the ratio of
horizontal stress to vertical stress of 1.0. The ground rock
mass was modeled using Mohr-Coulomb and elastic
parameters and FLAC 2D (version 6.0) software employing
finite difference approach was used for this numerical
analysis. The model parameters used in the analysis is
shown in Table 1.

Interaction between the main tunnel and the diverging
tunnel for the varying diverging conditions using the
numerical analysis was investigated upon when the
diverging tunnel adjacent to pre-existing main tunnel is
excavated in full face by examining major and minor
principal stresses (o, and o3) between the two tunnels.

Hoek and Brown (1980) proposed the following
empirical relationship between the principal stresses for
intact rock at failure based on classical Griffith crack theory
for plane compression and the analysis of a wide range of
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Fig. 2 Method and concept employed in this study

experimental data.

0. 0. O.
M=y ImPB+s (1)
O-C O-E O-E

in which oy = the major principal stress at failure; o3 = the
minor principal stress; o, = the uniaxial compressive
strength for the intact rock material; and m and s =
constants that depend on the properties of the rock and on
the extent to which it had been broken before being
subjected to the failure stresses o;¢ and o3. On the other
hand, Mohr-Coulomb failure criterion can be expressed in
terms of the major and minor principal stresses at failure as

follows
B 1+sing Ccos ¢
v _63[1—sin¢j+2c[1—sin¢] 2)

where, ¢ = cohesive strength; ¢ = angle of friction.
Equivalent angle of friction and cohesive strength for each
rock and stress range can be determined by fitting Eq. (2)
showing the linear relationship between o;¢ and o3 to the
curve generated by solving Eq. (1). For rock masses, the
equivalent Mohr-Coulomb parameters can also be
determined in the same way as for intact rock by using the
generalized Hoek-Brown failure criterion applicable to rock
masses (Hoek and Brown, 1997) instead of using the failure
criterion for intact rock (Eqg. (1)). In this analysis, therefore,
the strength of rock mass was determined by using the
equivalent Mohr-Coulomb parameters (i.e., ¢ and ¢) shown
in Table 1. For an given (induced) o3, the induced o; was

then compared with the rock mass strength oy ¢ to obtain the
Strength/Stress Ratio (SSR) defined by

O,
SSR =\ A3)

O ‘(73

Fig. 2 represents the Mohr-Coulomb strength criterion
expressed in terms of principal stresses and the concept of
SSR.

For a detail examination, the magnitude and the
distribution of principal stresses and the SSR were obtained
for three sectional areas between the two tunnels for each
geometric condition, as shown in Fig. 3.

2.2 Laboratory scale model test

The effect of different geometric conditions between the
two asymmetric noncircular tunnels (i.e., main- and
diverging tunnels in different diverging conditions) on the
stability of tunnels was also examined by performing
laboratory scale model tests and observing failures occurred
in model tunnels. Tunnels at 1:100 scale were used in this
test. As shown in Fig. 4, the scale model equipment

(d) 90°

Fig. 3 Diverging direction and three sectional inter-
tunnel zones
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a) Scale model test equipment
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(b) Model size and test condition

(c) Rock mass specimen

(d) Model tunnels
Fig. 4 Tunnel model test set-up

is composed of an outside steel frame of about 2.5 m in
length and 2.0 m in height, an inside steel box frame to hold
a specimen with the size of 1.0 m lengthx1.0 m heightx0.1
m thickness, servo motor actuator and three 10-ton capacity
rams mounted on the outside frame used to push the inside
steel frame in three different directions; top to down, left to
right and right to left, respectively. The front and back sides
of the inside frame are covered with a transparent, tempered
acrylic panel and a steel plate, respectively, so that the
specimen can be loaded in a plane strain condition as the
inside frame constrains it while visual observation of the

Table 2 Similarity ratio in the scale model system

Type Parameters Dimension Similarity ratio
Length, L L 1/10°
Rotation, & - 1
Geometry
Strain, & - 1
Area, A L? 1/10*
Elastic modulus, E FL? 1/144
Material Poisson ratio, v - 1
Density, p FToLs 1/1.44

specimen through the front side panel becomes available
during the test. The test is computer-controlled, and the
load-displacement histories are recorded automatically. In
this study, the loading was applied by controlling the
constant displacement rate of 2 mm per minute. A Nikon
high-performance digital camera was used to capture
fractures occurred in the specimen during loading.

A rock mass specimen (i.e., scale model rock mass) with
the size of 1.0 m (height)x 1.0 m (width) x 0.1 m
(thickness) was prepared first by mixing Jumunjin sand,
gypsum, and water with the mixture ratio of 52%, 15% and
33% in weight, respectively. Since the sizes of model
tunnels were to be reduced to 1/100 of the original sizes, the
model rock mass needed to be made to have the material
parameters scaled down in accordance with the similarity
law as shown in Table 2. The sand-gypsum-water mixture
ratio used in the preparation of the rock mass specimen was
hence determined by performing unconfined compressive
strength tests for sand-gypsum-water mixture samples with
various mixture ratio. The corresponding unconfined
compressive strength was found to be 0.313 MPa at 28
days. Accordingly, following the completion of mixing,
each mixture was poured into a wooden frame, whose
inside dimensions are equal to that of the rock mass
specimen, and cured for 28 days until the test. Models
tunnels were prepared by placing two steel frames with the
same size and shape as the model tunnels at predetermined
locations inside the wooden frame prior to pouring the
mixture. Both the tunnel shaped-steel frames and the
mixture material cured inside the steel frames were
removed together right before the test. The tunnel model
test was conducted on four different geometric conditions-
that is, with three different diverging directions of 0°, 30°,
60° at the diverging distance of 0.3D and the diverging
angles of 90° at the diverging distance of 1.0D.

3. Results
3.1 Numerical analysis results

3.1.1 Distribution of principal stresses between two
tunnels

Fig. 5 represents the distribution of the major and minor
principal stresses (o; and o3) induced in the middle area of
the three sectional areas (i.e., zone 2 shown in Fig. 3)
between the two tunnels for the sixteen different geometric
conditions-that is, four diverging distances for four
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Fig. 5 Distribution of major and minor principal
stresses

diverging directions, depending on the diverging conditions
of the smaller right directional ramp tunnel (i.e., inter-
tunnel distances of 0.3D, 0.5D, 0.7D and 1.0D for the
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Fig. 6 Major principal stress contour

diverging directions of 0°, 30°, 60° and 90° between the two
tunnels).

The results indicated that the overall trend in the
distributions of both ¢, and o3 with varying the diverging
distance is similar between the same diverging directions.
Except for the case of 90° diverging direction, the oy
showed an initial gradual decrease near the larger main
tunnel and then a little steeper increase, as the distance from
the main tunnel (left) is increased further and becomes close
to the smaller diverging tunnel (right). For the three
diverging directions (i.e., 0°, 30°, 60°), the highest o; was all
induced around the diverging tunnel and was reduced with
the increased diverging direction angle from 0° to 60°).
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Fig. 7 Strength/Stress Ratio (SSR) for Inter-tunnel
distance 0.5D

For the case of 90° diverging direction, however, a
continuous drop in o; occurred with increasing the distance
from the main tunnel. In contrast to the distribution of the

o1, the o3 showed an initial gradual rise near the left main
tunnel and then a little steeper reduction with increasing the
distance from the left main tunnel for both 0° and 90°
diverging direction cases, whereas for 30° and 60° cases it
showed a continuous increase and a subsequent plateau
phase. As the diverging distance (i.e., separated distance
between the two tunnels) increased from 0.3D to 1.0D, the
magnitudes of o, generally became smaller.

Fig. 6 displays the contours of the o; induced between
the two tunnels separated by 0.5D and 1.0D for 0° and 30°
diverging direction conditions, respectively. It is seen that
besides the largest stresses occurred around the invert
corners, relatively high stresses are induced at the middle of
inter-tunnel distance for 0.5D case, compared with 1.0D.

3.1.2 Distribution of Strength/Stress Ratio between
two tunnels

Fig. 7 shows the strength/stress ratio (SSR) obtained
using Eq. (3) for four diverging directions at the diverging
distance of 0.5D. Similarly to the variation of o3 in Fig. 5,
the SSR showed generally a bell-shaped but little skewed to
left distribution over the distance increased from the left
larger tunnel. By definition, for a material the value of SSR
less than 1.0 indicates that the material strength is exceeded
by the stress in the material. The 0° diverging direction
condition (i.e., horizontally separated condition) exhibited
relatively low SSR values along whole inter-tunnel distance
over all three sectional levels (i.e., divided into upper,
middle, and lower zone), compared to other diverging
directions. For 0° and 30° diverging directions, the SSR
values were all less than 1.0 within around 2 m apart from
the left main tunnel, while for 60° and 90° diverging
directions, they were all less than 1.0 over entire inter-
tunnel distance specifically at lower level (zone 3) and
middle level (zone 2), respectively.

3.1.3 Relationship between Strength/Stress Ratio
and diverging conditions

In Fig. 8(a)-8(c), the values of SSR averaged over inter-
tunnel distance for each sectional zone (i.e., upper, middle,
and lower) are shown with respect to sixteen different
tunnel geometric conditions-that is, four diverging distance
for four diverging direction conditions. It is obvious that the
average SSR increases with the increased diverging
distance, but the magnitudes of the ave. SSR show
differences between the sectional zones as well as between
the diverging directions. For the diverging distance larger
than 0.5D, the ave. SSR values at upper zone were larger
than 1.0 for all diverging directions except for 0° diverging
case, whereas at lower zone the ave. SSR values larger than
1.0 for all diverging directions were obtained only at the
diverging distance larger than 0.7D.

Fig. 8(d) represents the lowest ave. SSR values over the
whole three zones for each diverging condition. It is seen
that for all four diverging directions (0°, 30°, 60° and 90°),
the lowest ave. SSR values are all below 1.0 when the
diverging distance is less than 0.5D.

3.2 Model test results

The four sets of two tunnels in four different geometric
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characteristics using scale models. Fig. 9 shows the model
tunnels after the tests. For all the conditions, the failure
occurred between the two tunnels. It was observed
commonly that the inter-tunnel failure initiated at the
boundary of each tunnel, with the first fracture in the left
main tunnel, and propagated from the initiation points to
inter-area along the diverging direction.

Fig. 10 displays the relationship between the load
applied at the boundary of the specimen and the maximum
displacement occurred in the inter-tunnel area, obtained
from digital camera image analysis, during each test for the
four diverging conditions. Similarly to the results of the
numerical analysis, the load-displacement records indicated
that the stability of the tunnels decreased slightly with
increasing the diverging direction from 0°, 30° to 60° for a
given inter-tunnel distance 0.3D.

Since the fractures occurred due to overstress, the failure
patterns observed for these conditions may be understood
by relating them to the distributions of stress and
strength/stress ratio, if they are known. In this regard, the
results of numerical analysis presented in 3.1.1 and 3.1.2
were found to be in a good agreement with these model test
results.

4., Conclusions

In this study, interaction between two asymmetric
noncircular tunnels (i.e., a larger main tunnel and a smaller
tunnel diverging from the main tunnel) was investigated by
examining the distributions of the principal stresses and the
strength/stress ratio for varying geometric conditions
bewteen the two tunnels depending on diverging conditions
using both numerical analysis and scale model tests.

The results of numerical analysis indicated that for the
0°, 30°, 60° diverging directions, the major principal stress
shows an initial gradual decrease and then a little steeper
increase with the increased distance from the left main
tunnel, except for 90° where a continuous drop occurs,
whereas the minor principal stress exhibits an opposite
trend with the major principal stresses - that is, an initial
gradual rise near the left main tunnel and a subsequent
steeper reduction (0° and 90°) or plateau phase (30° and
60°). The strength/stress ratio showed generally a bell-
shaped but little skewed to left distribution over the distance
increased from the left larger tunnel, similarly to the
variation of the minor principal stress. It was also found that
for the inter-tunnel distance less than 0.5D, the lowest
strength/stress ratio values are all below 1.0 for all
diverging directions (0°, 30°, 60° and 90°). From the scale
model tests, it was observed that the inter-tunnel failure
initiated at the boundary of each tunnel, with the first
fracture in the left main tunnel, and propagated from the
initiation points to inter-area along the diverging direction,
as could be expected from the numerical analysis results.
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