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Abstract. Nowadays, more and more subway tunnels were planed and constructed underneath the ground of urban cities to
relieve the congested traffic. Potential damage may occur in existing tunnel if the new tunnel is constructed too close. So far,
previous studies mainly focused on the tunnel-tunnel interactions with circular shape. The difference between circular and
horseshoe shaped tunnel in terms of deformation mechanism is not fully investigated. In this study, three-dimensional numerical
parametric studies were carried out to explore the effect of different tunnel shapes on the complicated tunnel-tunnel interaction
problem. Parameters considered include volume loss, tunnel stiffness and relative density. It is found that the value of volume
loss play the most important role in the multi-tunnel interactions. For a typical condition in this study, the maximum invert
settlement and gradient along longitudinal direction of horseshoe shaped tunnel was 50% and 96% larger than those in circular
case, respectively. This is because of the larger vertical soil displacement underneath existing tunnel. Due to the discontinuous
hoop axial stress in horseshoe shaped tunnel, significant shear stress was mobilized around the axillary angles. This resulted in
substantial bending moment at the bottom plate and side walls of horseshoe shaped tunnel. Consequently, vertical elongation and
horizontal compression in circular existing tunnel were 45% and 33% smaller than those in horseshoe case (at monitored section
X/D = 0), which in latter case was mainly attributed to the bending induced deflection. The radial deformation stiffness of
circular tunnel is more sensitive to the Young’s modulus compared with horseshoe shaped tunnel. This is because of that circular
tunnel resisted the radial deformation mainly by its hoop axial stress while horseshoe shaped tunnel do so mainly by its flexural
rigidity. In addition, the reduction of soil stiffness beneath the circular tunnel was larger than that in horseshoe shaped tunnel at
each level of relative density, indicating that large portion of tunneling effect were undertaken by the ground itself in circular
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tunnel case.
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1. Introduction

Underground space is becoming more and more
congested in cosmopolitan cities due to the economic
development. As a result, underground infrastructures (e.g.,
tunnels) might be constructed with closer and closer
distance. Specifically, when existing tunnel is experiencing
nearby new tunnel constructions, stress redistribution may
be induced in surrounding soils. This might further cause
adverse effects such as cracks to existing tunnel (Cooper et
al. 2002). Thus, the response of existing tunnel subjected to
new tunnel construction is needed to be investigated for
estimating potential damage of existing tunnel and taking
remedial measured if necessary.

To investigate this tunnel-tunnel interaction problem,
two major approaches have been adopted in recent years:
field monitoring (Mohamad ez al. 2010, Mohamad et al.
2012, Li and Yuan 2012, Eskandari et al. 2018, Shi et al.
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2020, Shi et al. 2022a), physical tests (Ng ef al. 2013, Kim
et al. 1998, Fang et al. 2022, Shi et al. 2022b). However, it
is difficult for those results to be widely applied due to the
variations in ground condition, tunnel stiffness and
workmanship of new tunnel excavation (e.g., volume loss)
in reality. Alternatively, numerical analysis (Liu et al. 2009,
Nawel and Salah 2015, Yoo and Cui 2020) is more effective
way to systematically analyze this complex interaction
between tunnels because of its low cost and wide range of
application.

Centrifuge tests and numerical simulations have been
conducted to investigate the interactions between existing
tunnel and new perpendicularly crossing tunnel(s) (Ng et al.
2013a, Ng et al. 2015, Boonyarak and Ng 2014). The
effects of pillar depth, tunnel shielding, cover depth and
construction sequence were considered. Some researches
focus on the effects of stratigraphic uncertainty and soil
spatial variability on soil-tunnel interaction (Shi and Wang
2021, Wang et al. 2022).

Attentions have been paid on Enhancing the soil
property by bio-inspired soil reinforcement technology,
which might mitigate the tunnelling induced excessive soil
movement (Bai et al. 2021, Hu et al. 2021, Wang et al.
2022). The effect of blast loading on urban rock tunnel with
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considering rock weathering was investigated by former
studies (Zaid et al. 2022, Mishra et al. 2022, Sadique ef al.
2022, Zaid and Shah 2021, Zaid 2021a, b, ¢, Zaud and
Mishara 2021).

As far as author is aware, no directly study has been
carried out on the influence of different tunnel shapes on the
existing tunnel. However, the different deformation
mechanisms were observed between horseshoe shaped
tunnel and circular tunnel (Gonzilez et al. 2008) that
horseshoe shaped tunnel always experience larger
deformation. To address those issues mentioned above,
extensive three-dimensional numerical parametric analyses
were conducted to investigate the influence of tunnel shapes
on crossing tunnel interactions. Verification of numerical
morel is first conducted based on measured result from
centrifuge test. Afterwards, a comparative numerical study
with equivalent circular existing tunnel was conducted to
investigate the difference in tunnel-tunnel interactions
purely due to the change of existing tunnel shape.
Afterwards, three-dimensional numerical parametric studies
are conducted to investigate the shape effect on tunnel-
tunnel interaction with considering different volume loss,
tunnel stiffness and relative density.

2. Three-dimensional numerical modelling

The finite element program, Plaxis 3D, was adopted in
this study to carry out three dimensional numerical
analyses. A numerical back-analysis of reported centrifuge
test (Jiang et al. 2015) investigating twin-tunnel excavation
effect on existing tunnel was used as referenced test. Two
different shapes of existing tunnel (i.e., horseshoe and
circular) were modeled and considered in this study. By
varying volume loss (tunneling induced volumetric soil loss
around new tunnel), stiffness of existing tunnel and relative
density of sand, a systematical numerical investigation on
the complicated tunnel-tunnel interaction was conducted.
Prior to the numerical parametrical studies, the reliability of
adopted constitutive model and model parameters were
examined by results from centrifuge test.

The reference three-dimensional centrifuge test was
carried out at 60 g (60 times gravitational acceleration) in
the Geotechnical Centrifuge Facility of the Hong Kong
University of Science and Technology (Ng 2014). Figs. 1(a)
and 1(b) show the centrifuge model setup of the referenced
test. The dimension of model container is 1250
(length)x930 (width)x800(depth) mm, which is equivalent
to 75x55.8x48 m in prototype. The longitudinal direction of
existing tunnel was normal to those of new tunnels. The
horizontal clearance between two new tunnels was 100 mm
(equivalent to 6 m in prototype). The cover depth of
existing tunnel and new tunnel were 73 and 470 mm,
respectively. The pillar depth (vertical clearance) between
existing tunnel and new tunnels was 200 mm (equivalent to
12 m in prototype). The new model tunnels were excavated
in 12 steps along "Y' direction, following the sequence of
L1,L2...L6 and R1, R2...R6 shown in Fig. 1(a). The length
of each excavation step is 60mm (equivalent to 3.6 m in
prototype). The total excavation length is 21.6 m, which is
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Fig. 1 Schematic diagrams of centrifuge model package.
(Dimensions in millimeters)

about 1.8 times the height of existing tunnel. The
excavation length is long enough to study the deformation
mechanism of different shape and sensitivity of parameters.
Dry Toyoura sand was adopted in the centrifuge test. By
using the sand pluvial deposition method (Ng et al. 2013a),
relatively uniform sand sample was obtained. The average
relative density (Dr) of sand sample in the test was 62%.
Further detailed information about this centrifuge test was
reported by (Jiang ef al. 2015).

2.1 Numerical analysis program

The numerical analyses conducted in this study were
summarized in Table 1.

In total, 14 numerical runs were performed. To obtain a
comprehensive understanding of shape effect on multi-
tunnel interaction, a series of parametric studies considering
different volume losses, tunnel stiffness and sand relative
densities were conducted. To study the sensitivity of volume
loss (VL) on tunnel response, 3 values of new tunnel
excavation induced volume loss were considered (i.e.,
0.5%, 1.5% and 2.5%). The 0.5% of volume loss can be
achieved in most cases nowadays by advanced EPB (Earth
pressure balance) shield method. 1.5% and 2.5% of volume
losses represent the conditions with average and poor
construction control, respectively. To investigate the
influence of existing tunnel stiffness on multiple tunnel
interaction, 3 values of the Young’s modulus of existing
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Table 1 Summary of three-dimensional numerical
parametric studies performed in this study
. Shgpg of Volume Ipqdulus of Relgtive
ID Series existing loss existing tunnel density of
tunnel (GPa) sand

1 Horseshoe  0.5%

2 Horseshoe  1.5%

3  Volume Horseshoe 2.5% 0

4 loss Circular 0.5% 69 62%

5 Circular 1.5%

6 Circular 2.5%

7 Horseshoe 30

8 Horseshoe 69

9 Tunnel Horseshoe 150

10 stiffness  Circular 1.5% 30 62%
11 Circular 69

12 Circular 150

13 Horseshoe 30%
14 Horseshoe 62%
15 Relative Horseshoe 90%
16  density Circular 1.5% 69 30%
17 Circular 62%
18 Circular 90%

tunnel were considered in this study (i.e., 30, 69 and 150
GPa). The 30, 69 and 150 GPa represent typical Young’s
modulus of concrete, aluminum and cast iron, respectively.
Additionally, 3 relative densities of sand (i.e., 30%, 62%
and 90%) were selected to explore the influence of relative
density on tunnel-soil-tunnel interaction. In the test series of
volume loss, direct comparison was made between two
cases with horseshoe shaped and circular existing tunnel
under VL= 1.5% condition (i.e., test 2 and test 5). Test 2
was essential numerical back-analysis of reference
centrifuge test with horseshoe shaped existing tunnel. Test
5, whose existing tunnel was replaced by an equivalent
circular tunnel, was the comparative study of test 2. The
variety of excavation scale (i.e., size of new tunnel) is not
considered in this study.

2.2 Finite element mesh and boundary conditions

Fig. 2(a) shows finite element meshes adopted in this
study. Parameter studies on the mesh density have been
conducted to ensure the accuracy of model. The dimension
of soil model was 1250 mm (length) x930 mm (width)
x800 mm (depth). A 10-node tetrahedral element was used
to model the soil. The displacements perpendicular to the
four vertical sides (i.e., left, right, front and rear) of the
mesh were restricted. Pin support was applied to the base
boundary of the mesh.

According to Table 1, total two types of numerical
model are needed essentially, depending on the shape of
existing tunnel. The rest of parametric studies were
basically following the same numerical setup with test 2 or
test 5 but with different model parameters (i.e., volume loss,
tunnel stiffness and relative density). Fig. 2(b) shows the
section views of existing tunnel in horseshoe shape and
circular shape, corresponding to test 2 and test 5,
respectively. The model geometry and tunnel position in
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Fig. 2 Modelling of numerical analysis (Dimensions in
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test 2 was identical to that of centrifuge test (model scale).
The width and height of horseshoe shaped tunnel is 235 and
197 mm, respectively. To make a fair comparison, circular
existing tunnel was designed to have identical longitudinal
and transverse flexural stiffness as horseshoe shaped tunnel.
The diameter of circular tunnel is 216 mm. The thicknesses
of tunnel lining in both cases are 6.5 mm. Additionally, the
centroids of existing tunnels in both cases were kept in the
same depth. The tunnel lining was modeled using 6-node
elastic plate element since its thickness is relatively small
compared with tunnel's size. Tie constraint was applied
between tunnel lining and surrounding soil.

2.3 Constitutive model and model parameters

The constitutive model adopted in this study was the
hypoplasticity model with small strain stiffness (Gudehus
and Masin 2009, Shi ef al. 2015). Hypoplastic constitutive
model was developed to describe nonlinear behavior of
granular material (Von 1996). By incorporating the concept
of intergranular strain, this constitutive model is able to
capture the strain and stress path dependency of soil
stiffness under small strain condition (Niemunis and Herle
1997, Shi et al. 2018). The common of soil-structure
interaction problems is their stress redistribution
mechanism, which involves complicated stress / strain
history and loading path in soil. The constitutive model of
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Table 2 Summary of material parameters adopted in the
finite element analysis
Angle of internal shearing resistance at critical

’ a o
¢ state 30
hs® Hardness of granulates 2.6 GPa
na Exponent controls the shape of limiting void 027
ratio curves '
edo? Minimum void ratio at zero pressure 0.61
eco® Critical void ratio at zero pressure 0.98
eio® Maximum void ratio at zero pressure 1.10
b Exponent controls the dependency of peak 05
friction angle on relative density ’
B0 Exponent controls the dependency of soil 3
stiffness on relative density
p Parameter controlling initial shear modulus
MR o crr: 8
upon 180° strain path reversal
p Parameter controlling initial shear modulus
mr o . 4
upon 90° strain path reversal
R?® Elastic range 3x10-5
p Parameter controlling stiffness degradation rate
5 ! ” 0.2
with strain
p Parameter controlling stiffness degradation rate
V4 . . 1.0
with strain
Ko Coefficient of at-rest earth pressure 0.5

hypoplasticity can well capture the above state variables
theoretically, which means it is suitable for this study.

The physical meanings and adopted values of model
parameters in this study were summarized in Table 2. This
set of soil parameters has been successfully used to back-
analyze their centrifuge test on tunnel-tunnel interaction
problems (Ng et al. 2013a, Ng et al. 2015, Boonyarak and
Ng 2014, Jiang et al. 2015, Shi et al. 2019).

In most of the numerical analyses, all the new tunnels
and existing tunnel were modeled as linear elastic material
with Young’s modulus and Poisson’s ratio of 69 GPa and
0.33, respectively. However, the Young’s modulus of
existing tunnel in some cases varied from 30 GPa to 150
GPa, which is shown in Table 1.

2.4 Numerical modeling procedures

Details of the numerical modeling procedures are listed
as follows:

1. Established the initial boundary and stress conditions
of soil at 1 g, define coefficient of at-rest earth pressure
(KO0) as 0.5. Activate the existing tunnel and new tunnels as
wished-in-place.

2. Simulated the change of gravitational acceleration
from 1g to 60 g by increasing the unit weight of soil and
tunnel by 60 times. This step is to simulate the spin-up
process of centrifuge.

3. Modeled each tunnel excavation step by simulating
both volume loss and weight loss simultaneously. Weight
loss was simulated by deactivate the soil inside the new
tunnel. Volume loss was achieved by applying a uniform
radial contraction to tunnel lining.

4. Repeat step 3 until 12 excavation steps of two new
tunnels were finished.
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Fig. 3 Comparison of measured results with computed
results of induced tunnel crown and ground settlement at
the end of twin-tunnel excavation

3. Verfication of adopted numerical model

In this and following sections which are interpretation of
results, all results would be presented in prototype scale
unless stated otherwise. Moreover, existing tunnel response
reached its peak value after twin-tunnel excavations were
completed. For simplicity, only results after twin-tunnel
excavations were finished are discussed. All the results
(e.g., settlement) discussed in this manuscript is purely
caused by adjacent new tunnel excavation rather than total
response.

Fig. 3 shows the comparison between measured and
computed results of existing tunnel crown and ground
surface settlements. The results are selected at the stage
when twin-tunnel excavations were completed. Settlement
curve was plotted along existing tunnel’s longitudinal
direction. The diameter of new tunnel is used for
normalizing the distance from existing tunnel midline. Both
the measured and computed results showed that the existing
tunnel crown and ground surface settled with hogging
curve, which means tunnel crown and ground surface settle
less at the middle. The reason of this phenomenon is
beyond the scope of this study and already discussed by
previous literature (Jiang ef al. 2015). When the normalized
distance from existing tunnel midline is larger than 3D, the
computed settlements were less than the measured ones.
This could be attributed to the difference in boundary
conditions between centrifuge and numerical model. The
frictions exist between model box and soil boundary while
roller support was defined at vertical boundary in numerical
model.

The maximum settlement and trend of numerical results
show that the computed results matched the measured
results well (less than 10% difference in average),
especially in the region away from the boundary (i.e., -3<
X/D< 3). Therefore, it can be concluded that the numerical
model (constitutive model and modeling procedure)
adopted in this study is reasonable.

4. Effect of volume loss on existing tunnel response

4.1 Maximum settlement and longitudinal bending
strain of existing tunnel with variations of volume losses
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Fig. 4(a) shows relationship between maximum
settlements and settlement gradient of existing tunnel with
volume loss caused by new tunnel excavation. In this study,
volume loss varied from 0.5% to 2.5%. Invert settlement is
larger than crown due to tunnel’s vertical elongation.
Moreover, its maximum value was located at middle of
existing tunnel (X/D=0). Thus, the invert settlement of
existing tunnel at X/D = 0 was selected and compared. As
expected, as volume loss increased, maximum tunnel
settlement increased, but at a reduced rate. This is because
of that soil is unable to sustain tensile stress. The value of
stress relief beneath the existing tunnel was limited by the
original vertical stress. Therefore, with same amount of
volume loss increased, the stress relief beneath the existing
tunnel would increase with reducing rate. It is observed that
maximum settlements of circular tunnel were 30-35% less
than horseshoe shaped tunnel. With higher volume loss, the
settlement difference between circular tunnel and horseshoe
shaped tunnel became larger, indicating that the response of
circular existing tunnel is less sensitive to volume loss. At
volume loss of 1.5%, maximum invert settlement (22.8
mm) of horseshoe shaped tunnel already exceeded the
allowable limit of 20 mm (BD 2009). However, even at
volume loss of 2.5%, maximum invert settlement of circular
tunnel (21.2) only exceeded limit by 6% (BD 2009).
Maximum gradients of tunnel invert settlement were also
plotted in Figure 4a. For circular existing tunnel case, the
maximum gradient increased with increasing volume loss at
a reducing rate. However, the horseshoe tunnel's maximum
gradient increased almost linearly. This is perhaps due to
the different positions of reverse bending points in two
cases. The maximum gradients of horseshoe shaped tunnel
were much larger than those of circular tunnel at each level
of volume loss. At volume loss of 0.5% and 1.5%,
maximum gradient of both horseshoe and circular tunnel
were within the limit of 1/1000 (BD 2009, LTA 2000).
When applied volume loss was 2.5%, horseshoe shaped
tunnel’s maximum gradient (1/630) exceeded the allowable
limit, while the maximum gradient of circular tunnel
(1/1763) was only about one third of that in horseshoe
shaped tunnel. Countermeasures (e.g. grouting for shield
tunnel) may be necessary to reduce the excessive tunnel
settlement of horseshoe shaped tunnel induced by twin-
tunnel excavation.

Fig. 4(b) shows the variation of maximum longitudinal
bending strain at invert with volume loss induced by new
tunnel excavation. The longitudinal bending strain on invert

is equal to (A€invert - A€crown)/2. The symbols Aginyvert and

Aecrown represent the incremental longitudinal strain at
invert and crown of existing tunnel, respectively. The
maximum longitudinal bending strain was located at middle
of existing tunnel, between the centerline of 1st new tunnel
and 2nd new tunnel. At volume loss of 0.5%, the maximum
longitudinal bending strain in circular and horseshoe shaped
tunnel were 14.5 and 12.5 pe, respectively. Circular existing
tunnel bore larger strain. When volume loss reached 1.5%,
those values in two cases increased to 40.7 and 40.6 pe,
respectively. The maximum longitudinal bending strain in
horseshoe shaped tunnel overtook that in circular tunnel a
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bit. However, when volume loss was further increased to
2.5%, the maximum longitudinal bending strain in
horseshoe shaped tunnel (63.5 pe) already exceeded that in
circular tunnel (53.3 pe) by 20%. It is clear that the
increasing rate of longitudinal bending strain with volume
loss is larger (about 30%) in horseshoe shaped tunnel in
relative to circular tunnel. Consistent to the variation of
maximum tunnel gradient, the maximum longitudinal
bending strain of circular existing tunnel also increased with
increasing volume loss at a reducing rate, while the
horseshoe tunnel varied linearly. This illustrated that the
longitudinal strain of horseshoe tunnel is highly relevant to
the volume loss. Apart from this, the longitudinal bending
strains in both cases were far less than the allowable tensile
strain of unreinforced concrete of 150 pe (ACI 2001),
indicating that the stiffness of existing tunnel (including
size, lining thickness and material modulus) relative to the
new tunnel adopted in this study is high enough.

All results of settlement, settlement gradient and
longitudinal bending strain of existing tunnel demonstrated
that horseshoe shaped tunnel suffered more dangerous
serviceability issues in relative to circular tunnel with given
condition in this study. In order to further explain why
tunneling induced responses of horseshoe shaped existing
tunnel are always larger than those in circular existing
tunnel. Direct comparison and discussed was made between
two cases with volume loss = 1.5% (i.e., test 2 and test 5) in
next section. The only difference between test 2 and test 5
was the shape of existing tunnel. The results from test 2 and
test 5 were marked with ‘Horseshoe’ and ‘Circular’,
respectively. Fortunately, measured results are available in
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this section since test 2 is essentially the back-analyses of
centrifuge test. However, only the computed result will be
used for comparison. The measured results were plotted for
validation of numerical model.

4.2 Shape effect on crown and invert settlements of
existing tunnel due to twin-tunnel excavation (VL =1.5%)

Fig. 5 shows the crown and invert settlements of
existing tunnel along longitudinal direction (X) after both
new tunnels were excavated. There is only one measured
data point for invert settlement because it can be deduced
by adding crown settlement and tunnel vertical deformation,
and only one set of potentiometers was installed at the
midline (i.e., X/D=0) of the existing tunnel. Similar trends
of settlement curve were observed for horseshoe and
circular existing tunnel. In both cases, tunnel invert settled
more than tunnel crown at the middle while less near the
boundary, indicating that the existing tunnel was vertically
elongated at the midline while compressed at the end in
both cases. The crown settlement of circular existing tunnel
was 7% smaller than that of horseshoe shaped tunnel at the
middle (i.e., 7.6 and 8.2 mm). The farther away from the
midline, the larger difference of tunnel crown settlement
between two cases (up to 30%).

On the invert, significant difference was found in the
invert settlement between two cases. The maximum invert
settlement was 22.8 and 15.3 mm at midline (X/D=0) for
horseshoe and circular existing tunnel, respectively, and
gradually reduced to 5.6 and 6.9 mm at end of tunnel
(X/D=6). The horseshoe shaped tunnel invert settled 29%
more at midline while 19% less at the end than circular
tunnel.

The maximum invert settlement of horseshoe shaped
tunnel exceeded the limit of 15mm (LTA 2000) and 20 mm
(BD 2009) while that of circular tunnel only exceeded
standard of 15 mm (LTA 2000) by 2%. Moreover, the
maximum gradient of invert settlement in horseshoe shaped
tunnel was 1:1120 (close to the allowable limit of 1:1000
(BD 2009, LTA 2000), which was about twice of that in
circular case (1:2200), both were located at a distance of 2.5
D from the midline of existing tunnel (i.e., X/D=2.5).

4.3 Radial deformation of existing tunnel with different
shapes at X/D=0 (VL =1.5%)

Radial ——Computed (horseshoe)

displacement Measured (horseshoe)

—— Computed (circular)

15 Crown

L-Shoulder R-Shoulder
Initial
L-Springline R-Springline
L-Comer/knee R-Corner/knee
Invert Sign convention:
+ Elongation
- Compression

Fig. 6 Radial deformations of existing tunnel at X/D = 0
induced by twin-tunnel excavations

Fig. 6 compares the radial deformation of existing
tunnel between two numerical cases: horseshoe shaped
existing tunnel and circular existing tunnel. The section
X/D = 0 (middle of existing tunnel) was selected. The
positive and negative signs denote elongation and
compression in radial direction, respectively. Distortion of
existing tunnel was observed in both cases. The deformed
shape of existing tunnels rotated a little (about 10°) in
clockwise direction. This is reasonable since soil is
nonlinear material. The earlier excavated section 1-3 (as
shown in Fig. 2(b)) would definitely cause distinct radial
deformation of existing tunnel compared with those caused
by section 4-6. Therefore, the deformed shape is
asymmetric.

In horseshoe shaped existing tunnel case, the measured
radial deformation at crown, invert, L-springlines and R-
springline were 4, 10.5, -5.1 and -4.4 mm, respectively,
indicating that tunnel was elongated in vertical direction
while compressed in horizontal direction. In circular case,
vertical elongation and horizontal compression were also
observed. At the crown, elongation of tunnel (3.8 mm) was
close to that in horseshoe case. At left and right springlines,
the computed compressions were -3.4 and -2.8 mm,
respectively, which were 33% and 36% less than those in
horseshoe case. Furthermore, the elongation at invert in
circular case (4 mm) was less than half of the value in
horseshoe case. Noted that circular existing tunnel was
designed to have identical sectional modulus, thickness and
depth as the horseshoe shaped existing tunnel, the huge
difference of radial deformation (45% smaller in vertical
elongation, 33% smaller in horizontal compression)
between two cases implies that horseshoe shaped tunnel is
easier to deform. The explanation of this will be given in
next section.

4.4 Shape effect on induced transverse bending
strain and shear stress at X/D=0 (VL =1.5%)

Fig. 7(a) shows the induced bending strains of existing
tunnel in transverse direction after twin-tunnel excavation.
The bending strain is defined as transverse bending moment
induced strain of tunnel lining, which is calculated from the
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theoretical formula (i.e., e=Mt/2El). The positive and
negative signs denote tensile and compressive strains at
outer surface, respectively. There were some discrepancies
between computed and measured results in terms of
magnitude (within 20%). However, the trend of computed
results shows a good match with measured ones. In both
cases (computed and measured), positive bending strain
occurred at crown and invert while negative bending strain
was induced at both springlines. This is consistent with the
previous results that the existing horseshoe shaped tunnel
was vertically elongated and horizontally compressed.

At crown, L-sh (i.e., left shoulder) and R-sh (i.e., right
shoulder), the induced bending strains in circular cases were
45.7, -22.5 and -19.8 pe, which were slightly small than
those of horseshoe (58, -25 and -17.5 pe). This can explain
why the crown elongation of circular case was slightly
small than that of horseshoe case. At L-Sp (i.e., left
springline) and R-Sp (i.e., right springline), induced
bending strains in circular tunnel were -30.2 and -27.4 peg,
respectively, which were 30% less than the values in
horseshoe shaped tunnel (-43.3 and -39.2 pe). This is also
consistent with the 33% less horizontal compression in
circular tunnel compared with horseshoe case. At the invert,

the induced bending strain of circular tunnel was 46.1 pe,
which is 22% larger than that in horseshoe shaped tunnel
(37.7 pe). However, the induced bending strains at left and
right corners of horseshoe shaped tunnel were 50.4 and 64.5
pe, respectively. This indicates that the bending strain
maintained high positive value along the bottom plate of
horseshoe shaped tunnel, maximum bending strain was
located at two corners. Assuming the bottom part of
horseshoe shaped tunnel as a beam, high positive bending
strain along the bottom plate would cause large deflection.
Comparing with the low (even negative) bending strain
distributed on the lower part of circular tunnel, it is
understandable why the invert elongation in horseshoe
shaped tunnel is much larger than that in circular tunnel.

Fig. 7(b) shows the induced shear stresses along
transverse direction. In circular tunnel, the magnitude of
induced shear stresses was small (within £100 kPa). The
maximum induced shear stress (in absolute value) was -94
kPa, located at R-sh. For horseshoe shaped tunnel, the shear
stresses were also negligible at crown, invert, both
shoulders and both springlines. However, at left corner and
right corner, substantial shear stresses (372 and -459 kPa)
were mobilized, which were about four times the maximum
value in circular case. The reason for this is that the axial
stress cannot transfer continuously due to the 90° of turning
angle at the two corners. As a result, large amount of shear
force should be mobilized at the axillary angles to equalize
the axial stress. Nevertheless, the shear stresses in two cases
were both within the allowable shear stress limit for
concrete of 660 kPa (ACI 2011). The tunnel lining's axial
stress in transverse direction was not plotted since the
incremental value is too small compared with its original
value before excavation.

In summary, at the upper part of existing tunnel (i.e.
crown and shoulders), the distribution and magnitude of
bending strain and shear stress were quite similar in circular
and horseshoe cases. At the middle part (i.e., springline) and
lower part (i.e. invert and knees/corners), they differed a lot
between two cases. In addition, substantial shear strain was
mobilized around axillary angles of horseshoe shaped
tunnel in relative to that in circular tunnel case. The
explanations of the dissimilarities between circular and
horseshoe cases are given as follows: (i) the upper part of
horseshoe shaped tunnel was semicircle, which is identical
to circular tunnel, thus stress in soil can transfer in similar
path with similar magnitude. This resulted in that bending
strain distribution in this part was similar between two
cases. Moreover, hoop axial stress can transfer continuously
in tunnel lining, therefore small amount of shear stress was
mobilized; (ii) significant shear stress would be mobilized
around axillary angles of horseshoe shaped existing tunnel
because of its sectional geometry. The bending moment,
which is the integration of shear stress, would be enlarged
in semi-rectangle part of horseshoe shaped tunnel.

Such distinct internal force distribution between two
cases can explain why radial deformation of horseshoe
shaped existing tunnel is much larger than that of circular
existing tunnel. On the other hand, the different shape of
existing tunnel would affect the soil stress redistribution
mechanism in surrounding soil. Therefore, it is also
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meaningful to take a look at the soil disturbance of two
cases for a better understanding of shape effect on multiple
tunnel interaction.

4.5 Influence of tunnel shapes on soil displacement
around existing tunnel at X/D = 0 (VL =1.5%)

Figs. 8(a) and 8(b) show soil displacement at the section
X/D = 0 due to twin-tunnel excavation in horseshoe shaped
tunnel case and circular tunnel case, respectively. The
length and direction of arrows represent the magnitude and
direction of soil displacement, respectively. In both cases,
soil around existing tunnel moves downward and inward
(i.e., towards the midline of new tunnel). This is due to the
tunneling induced ground loss. The difference of soil
displacement between two cases is mainly concentrated in
the area underneath the existing tunnel (corresponding to
the area in rectangular region). It is observed that the soil
displacement in this area of horseshoe case is larger than
that in circular case, which is consistent with the invert
settlement result.

Another major difference of soil displacement between
two cases is the direction of vectors underneath the existing

tunnel. In this region, the directions of soil displacement in
horseshoe shaped existing tunnel case are almost vertical.
The tilting angels of vectors are relatively small (less than
10°). However, the tilting angles in the same region of
circular case are larger compared with horseshoe case
(about 15°). The horizontal component of soil displacement
underneath the circular existing tunnel is larger compared
with that in horseshoe case. The reason for this could also
be attributed to the different tunnel shapes. The horizontal
soil movement around the horseshoe shaped existing tunnel
was greatly restricted by the side wall of existing tunnel.
Therefore, vertical component of soil displacement is more
dominant in horseshoe shaped existing tunnel case.

5. Effect of tunnel
interactions

stiffnress on multi-tunnel

Fig. 9(a) shows relationship between radial deformation
and stiffness of existing tunnel. The variation of tunnel
stiffness was achieved by change the Young’s modulus of
existing tunnel lining. In total, three values of Young’s
modulus were simulated (i.e., 30, 69 and 150 GPa). The
equivalent diameter and thickness of tunnel lining in
concrete could be back-calculated with the given stiffness
(i.e., flexural stiffness in longitudinal and transverse
direction) modeled in this study. The positive and negative
signs denote elongation and compression respectively. It is
illustrated that with different Young’s modulus of existing
tunnel, the diameter changes (i.e., both in vertical and
horizontal) of circular existing tunnel were always smaller
than those of horseshoe existing tunnels. This further
confirmed the postulation in previous section that horseshoe
shaped tunnel is easier to deform than circular tunnel in
both vertical and horizontal direction. With the increase of
tunnel stiffness, the tunnel radial deformation decreased
since tunnel had higher resistance against deformation.
When Young’s modulus of existing tunnel was increased
from 30 GPa to 150 GPa, the radial deformation in vertical
and horizontal direction decreased 15% and 14% in
horseshoe shaped tunnel case, respectively. For circular
tunnel case, vertical and horizontal diameter change
decreased by 25% and 21% with same amount of increase
in tunnel stiffness, respectively. This indicated that
strengthening the existing tunnel’s stiffness can enhance the
tunnel’s resistance against radial deformation more,
especially for circular case. This is because the different
deformation mechanism of circular and horseshoe shaped
tunnel. Circular tunnel resisted the radial deformation
mainly by its compressive stiffness. However, the resistance
to radial deformation for horseshoe shaped tunnel was
mainly owing to its flexural stiffness (i.e., bending
stiffness). Thus, the resistance of circular tunnel to radial
deformation is more sensitive to the material property (e.g.,
Young's modulus) rather than the sectional property (e.g.,
span of bottom plate). An optimization of dimensions
(shape, size and thickness) of existing tunnel might be a
better solution to reduce the radial deformation of horseshoe
shaped tunnel rather than merely enhancing its Young’s
modulus.
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Fig. 9(b) shows the induced maximum transverse
bending strain of existing tunnel at X/D = 0 versus adopted
Young’s modulus of existing tunnel. As described in
previous section (see Fig. 7(a)), maximum induced bending
strain was located at invert and corner for the circular tunnel
and horseshoe shaped tunnel, respectively. Therefore, in this
section, only the maximum strains in two cases were plotted
and discussed. The measured maximum bending strain of
horseshoe shaped existing tunnel was 76.4 ue while
computed value was 64.5 pe. The discrepancy of 15.5% is
relatively acceptable which is maybe due to the
experimental and calculation error. Since the transverse
flexural stiffness of tunnel lining was proportional to the
Young’s modulus, bending strain is inversely proportional
to Young’s modulus. For both cases, the maximum bending
strain decreased with increasing Young’s modulus. By
increasing tunnel stiffness from 30 GPa to 150 GPa, the
maximum induced bending strain deceased by up 36%. The
reason why induced maximum bending strain didn’t
reduced by 5 times is probably because that the tunnel-soil
relative stiffness increased. Therefore, larger proportion of
stress relief in soil was undertaken by existing tunnel.
Stiffening the tunnel with given geometry in this study
might be uneconomic and inefficient to alleviate twin-
tunnel excavations induced adverse effects on the existing
tunnel. Moreover, the reducing rate of maximum transverse
strain with variation of Young’s modulus is higher in
circular tunnel, corresponding to previous observation that
the resistance to radial deformation increased faster in
circular tunnel.
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6. Effect of relative density on tunnelling induced
existing tunnel response

In this scenario, sand relative densities of 30%, 62% and
90%, corresponding to conditions of loose sand, medium
dense sand and dense sand, were considered.

Fig. 10(a) shows relationships between induced
maximum tunnel invert settlements and settlement gradients
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with relative density (Dr). Since the sand with lower
relative density has lower stiffness than the dense one,
larger soil movement would be induced by new tunnel
excavation in loose sand. As expected, it is observed that
the induced maximum invert settlement decreased rapidly
with the increase in relative density. The induced maximum
invert settlement in the loose sand (i.e., Dr = 30%) were
131% and 133% larger than that in the dense sand (i.e., Dr
= 90%) for horseshoe case and circular case, respectively.
In addition, the maximum gradient for invert settlement
increased by 54% and 33% with the decrease of relative
density, respectively. When relative density was 30%, the
maximum invert settlement of horseshoe and circular tunnel
both exceeded the limit of 20 mm (BD 2009). Furthermore,
the maximum settlement gradient in horseshoe shaped
tunnel (1/860) also exceeded the allowable limit of 1/1000
(BD 2009, LTA 2000). When relative density reached 90%,
the maximum invert settlement and gradient for both cases
were all within the allowable limit (BD 2009, LTA 2000).

Fig. 10(b) shows the relationships between soil vertical
stress ratio (ratio between vertical stress after twin-tunnel
excavation with its original value, o./ow) beneath the
existing tunnel invert and relative density. It is found that
with the variation of relative density from 30% to 90%, the
ratio of vertical stress relief (1-ov/Gvo) of horseshoe shaped
tunnel ranged from 49% to 53%. In circular case, the stress
relief ratio ranged from 49% to 51%. It is illustrated that
tunneling induced soil vertical stress relief underneath the
circular existing tunnel is close to that underneath horseshoe
shaped existing tunnel. Moreover, the vertical stress relief
ratio is unrelated to the relative density.

Fig. 10(c) compares the mobilized secant shear modulus
(Gm) of sand with different relative density. The mobilized
secant shear modulus Gm was defined as Gm =g/3ys, which
can represent the stiffness of soil at current state. Prior to
excavation of new tunnels, the secant shear modulus
underneath existing tunnel in two cases (horseshoe and
circular existing tunnel) were very close. This confirmed
the repeatability of the numerical model conducted in this
study. It is clearly demonstrated that relative density of sand
significantly affects the stiffness of sand. By increasing Dr
from 30% to 90%, the Gm increased by about 5 times
before tunnel excavation. After the twin-tunnel excavations
were completed, the Gm decreased by (30%-64%). This
explains why invert settlement of existing tunnel increased
by 130% with decrease of relative density. The reason for
this stiffness degradation is that soil is stress and strain
dependent material. The excavation would induce stress
relief (further cause decrease in mean stress p’) and
mobilize shear strain, which both would reduce the stiffness
of soil. Additionally, the stiffness degradation in circular
tunnel case (60% - 64%) was larger than in horseshoe case
(31%-46%). Since the ratios of stress relief underneath the
existing tunnel in two cases were close, the difference in
stiffness implied that the mobilized shear strain underneath
the exisiting tunnel was larger in circular case. In another
word, larger proportion of responses induced by new tunnel
excavation (including soil responses and existing tunnel
responses) were undertaken by the ground itself in circular
case. A possible deduction of this fact is that the horseshoe
shaped tunnel would cut off the transferring path for soil

stress while circular tunnel wouldn’t because of its smooth
shape. Therefore, surrounding soil would interact with
horseshoe shaped existing tunnel more than circular
existing tunnel.

7. Conclusions

Three-dimensional numerical analyses had been
conducted to investigate the effects of existing tunnel shape
on multi-tunnel interaction. By conducting parametric
studies on both cases with horseshoe shaped and circular
existing tunnel, the following conclusions can be drawn:

(1) The value of volume loss plays the most important
role in the multi-tunnel interactions. With each level of
volume loss, settlement of horseshoe shaped existing tunnel
is larger than circular existing tunnel’s. Moreover, for the
given geometry in this study, the maximum invert
settlement and settlement gradient of horseshoe shaped
existing tunnel exceeded the allowable limit by about 60%
when induced volume loss is 2.5%. Countermeasures (e.g.,
grouting for shield tunnel) may be necessary to reduce the
excessive tunnel settlement of horseshoe shaped tunnel
induced by twin-tunnel excavation.

(2) In longitudinal direction, more serious serviceability
issues (i.e., maximum tunnel settlement and gradient) would
occur in horseshoe shaped tunnel due to twin-tunnel
excavation than circular tunnel. The maximum invert
settlement and gradient in horseshoe shaped existing tunnel
case were 50% and 96% larger than those in circular tunnel
case. This is mainly because of the larger vertical radial
deformation of horseshoe shaped tunnel.

(3) In transverse section of existing tunnel at X/D=0, the
vertical elongation and horizontal compression after twin-
tunnel excavation in circular existing tunnel were 45% and
33% smaller than those in horseshoe case. This is attributed
to the larger bending moment distribution in horseshoe
shaped tunnel compared with circular tunnel. Since the
hoop axial stress cannot transfer continuously at two
axillary angles in horseshoe shaped tunnel, shear stress
were mobilized to equalize the axial stress. As a result, huge
amount of the bending moment occurred along the bottom
plate of horseshoe shaped tunnel.

(4) The radial deformation of circular existing tunnel is
more sensitive to the Young’s modulus, which is because
the different deformation mechanism of two different
shapes. Circular tunnel resisted the radial deformation
mainly by its compressive stiffness while horseshoe shaped
tunnel do so mainly by its flexural rigidity. An optimization
of dimensions of existing tunnel might be a better solution
to reduce the radial deformation of horseshoe shaped tunnel
rather than merely enhancing its material property or
thickness.

(5) The induced invert settlement and settlement
gradient of existing tunnel increased by up to 133% and
54% with the decrease of relative density of sand,
respectively. This is because of that soil stiffness is highly
related to its relative density. In addition, the reduction of
soil stiffness beneath the circular tunnel was larger than that
in horseshoe shaped tunnel, indicating that large portion of
tunneling effect were undertaken by the ground itself in
circular case.
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