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ABSTRACT: Three-dimensional (3D) coupled finite element analyses were carried out to investigate multiple
interactions between large parallel hypothetical tunnels constructed in stiff clay using the NewAustrianTunnelling
Method (NATM). Numerical predicted results show that the lagging distance between the twin tunnel excavated
faces (LT ) has a stronger influence on the horizontal movement than the vertical settlement of each tunnel. As LT
increases, there is a transfer of load from the right tunnel to the left tunnel, leading to bending moment increase
in the left tunnel but a decrease in the right tunnel.

1

INTRODUCTION

2

The New Austrian Tunnelling Method (NATM) is a
technique in which ground exposed from excavation is
temporarily supported by shotcrete as lining. The
main advantage of NATM over other tunnelling techniques is its outstanding flexibility. Many different
support techniques can be adopted to deal with various
ground conditions and to allow for noncircular tunnels and the enlargement of complex interchanges.
The potential for cost savings by using the NATM
method is very high (McWilliam 1991; Murphy
1993). Despite an increasing popularity of NATM, the
current technical understanding and knowledge of
applying this construction method in soft ground, particularly for parallel twin tunnels, are still not fully
understood.
Although a considerable amount of research work
has been carried out on multi-tunnel interactions
(Chapman et al. 2002; Kim et al. 1998; Addenbrooke
and Potts 1996; Dasari et al. 1996; Tang et al. 1999
and Ng et al. 2003), relatively little research has been
reported on twin parallel noncircular tunnels constructed using the NATM. In this paper, a 3D investigation was conducted to study interactions between two
parallel hypothetical noncircular tunnels constructed
using the NATM with different lagging distances. The
geometry of the simulated tunnels, the construction
method and the ground conditions adopted in the 3D
simulations are similar to Type 2 of the Heathrow Trial
Tunnel in stiff London clay (New and Bowers 1994;
Deane and Bassett 1995).

2.1 Tunnel geometry, finite element mesh and
initial ground conditions
The analyses were carried out with the finite element
program, ABAQUS (Hibbitt, Karlsson & Sorensen,
Inc 1998). Figures 1(a) and 1(b) show the ground conditions and the tunnel geometry of the Type 2 Section
of the Trial Tunnel and notations used, respectively.
The excavation of the oval tunnel of about 8.6 m in
diameter in London clay was modelled.
The modelled ground conditions consisted of a 5 m
Taplow Gravel overlaying the 40 m thick London clay
Taplow Gravel

5m

London clay
20 m
9.2 m
Shotcrete thickness
=250 mm

Left Right
Drift Drift

7.9 m

Centre support
Figure 1(a). Cross section of the Type 2 Trial Tunnel (after
Deane & Bassett 1995).
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3D MODELLING OF NATM

LLD
LRD
RLD
RRD

Table 1. Material parameters adopted in the finite element
analyses.

LD
LT

Saturated density
Void ratio
Coefficient of
permeability
Ko value
E′v or Young’s
modulus, E′
E′h
µ′vh or Poisson’s
ratio, µ
µ′hh
Gvh
Frictional
parameter, β ′
Cohesion
parameter, d′
Angle of dilation, v′

Direction of tunnel construction
LLD represents Left Drift of the Left tunnel.
LRD represents Right Drift of the Left tunnel.
RLD represents Left Drift of the Right tunnel.
RRD represents Right Drift of the Right tunnel.

Figure 1(b). Notations and definitions of length (LD ) and
(LT ) of parallel tunnels.

Taplow gravel

London clay

20 kN/m3
0.4

20 kN/m3
1.0

1 × 10−4 m/s
0.43
75 × 103 kPa
N/A

1 × 10−9 m/s
1.5
7500 +
3900 z kPa
1.6 E′v

0.2
N/A
N/A
54.8◦
(i.e., φ ′ = 30◦ )
0.0 kPa
(i.e., c′ = 0 kPa)
17.5◦

0.125
0.125
0.44 E′v
40.6◦
(i.e., φ ′ = 22◦ )
14.8 kPa
(i.e., c′ = 5 kPa)
11◦

z = depth from the ground surface.

2.2

Figure 2. Finite element mesh.

with an initial Ko = 1.5. The initial hydrostatic ground
water table was assumed to be located at the interface
between the two soil strata. Effective coupled consolidation analyses were carried out to simulate the
construction.
Figure 2 shows the 3D finite element mesh adopted
in the study. The boundary conditions around the sides
were modelled as rollers. For the base of the mesh,
movements in all the directions were restrained as well
as the pore water pressure was fixed with corresponding hydrostatic values.
Free drainage was modelled at the vertical boundaries of the mesh, and a hydrostatic pore water pressure
of 400 kPa was fixed at the bottom of the mesh. Free
drainage was allowed at the excavated tunnel face. On
the other hand, the shotcrete lining was modelled as an
impermeable material, and hence water flow through
the lining was not permitted.

In the analyses, 8-noded brick elements and 4-noded
shell elements were used to model the soil and the
shotcrete lining, respectively. Each corner node of
8-noded isoparametric elements has three degrees of
freedom in displacement and one in pore pressure. The
shell elements modelled the 250 mm thick shotcrete
lining, with a unit weight of 24 kN/m3 . The Young’s
Modulus of shotcrete was taken as 30 × 106 kN/m3 ,
and the Poisson’s Ratio was 0.3.
The clay was assumed to have an elastic-perfectly
plastic constitutive relationship that was defined by
five cross-anisotropic elastic variable, Ev , Eh , vvh , vhh
and Gvh . On the other hand, Taplow gravel was
assumed be an isotropic elastic-perfectly plastic material. The modified Drucker Prager failure criterion
is adopted for the analyses. A summary of model
parameters adopted is given in Table 1.

2.3

Finite element simulation procedures

In the numerical simulations, the excavation rate was
assumed to be 2.5 m per day for either the left or the
right drift. After the excavation step, lining was applied
to the excavated surface in sequential steps, leaving a
constant unsupported span constantly. The sequence of
the tunnel excavation modelled are listed as follows:
1. Excavate left drift of the left tunnel (Figure 1(b));
2. Install the shotcrete lining on the exposed surface
(i.e. left drift of the left tunnel) leaving a constant
unsupported span length (LU ) of 5 m behind its
tunnel face;
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3. Excavate right drift of the left tunnel at a lagged
distance LD = 2.3D (i.e. 20 m) behind the tunnel
face of the left drift;
4. Install the shotcrete lining on the exposed surface
(i.e. right drift of the left tunnel) leaving the same
unsupported LU of 5 m;
5. Excavate left drift of the right tunnel at a distance
of LT behind the tunnel face of the left drift of the
first tunnel (see Figure 1(b));
6. Install the shotcrete lining on the exposed surface
(left drift of the right tunnel) of the second tunnel
leaving the same unsupported LU of 5 m;
7. Excavate right drift of the right tunnel at LD = 2.3D
behind the tunnel face of the left drift of the right
tunnel;
8. Install the shotcrete lining on the exposed surface
(right drift of the right tunnel) of the second tunnel
leaving the same LU of 5 m;
9. Repeat (1) to (8) until the construction of two
tunnels is completed.
3
3.1

COMPUTED RESULTS
Deformations and movements of twin tunnels

Figures 3(a) and 3(b) show the deformations at
the tunnel periphery at y = −8.6D (approaching the
planestrain conditions) for LT = 0 and LT = 30 m,
respectively. It appears that LT has a greater influence
on the horizontal deformation at the springline than
on the vertical movement at the crown of each tunnel. The lateral deformation of the left tunnel away
from the pillar increases from 20.7 mm for LT = 0 m
to 23.1 mm for LT = 30 m (11.5% increase), whereas
the lateral deformation of the right springline of the
right tunnel decreases from 22.9 mm to 18.7 mm as
LT increases (i.e., 18.6% decrease from LT = 0 to
LT = 30 m). On the contrary, the vertical movements at
the crown appear to be less sensitive to the LT value.
Results of the 3D numerical analyses are consistent
with the 1 g model tests carried out by Kim et al (1998).
As shown in Figures 3(a) and 3(b), there is a
decrease in diameter at the tunnel periphery in the two
tunnels but the magnitudes are different in the vertical
and horizontal diameters. The shortening in the vertical diameter of the left tunnel is 75.8 mm (or 0.88%D)
and 77 mm (or 0.89%D); whereas, for the right tunnel
it is 81 mm (or 0.94%D) and 80 mm (or 0.93%D) for
LT = 0 m and LT = 30 m, respectively. The shortening
in the vertical tunnel diameter appears to be independent of LT . On the contrary, LT has a stronger influence
on the shortening in the horizontal diameter of both
tunnels. For the left tunnel, the shortening of the horizontal diameter increases from 55.7 mm (or 0.64%D)
for LT = 0 m to 61.1 mm (or 0.71%D) for LT = 30 m.
This suggests that, as LT increases, a portion of the load
is taken up by the left tunnel, resulting in an increased

Figure 3. Comparisons of tunnel deformations at LT = 0
and LT = 3.5D (30 m).

reduction in the diameter of the tunnel periphery. This
is consistent with a decrease in the shortening of the
right tunnel diameter from 60.9 mm (or 0.70%D) to
58.2 mm (or 0.67%D) for LT = 0 m and LT = 30 m,
respectively, since lesser the load is shared by the right
tunnel as LT increases. The postulated load transfer
from the right to the left tunnel as LT increases is further illustrated and verified by considering the induced
bending moment and the axial force distributions.

3.2
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Surface settlements

Figure 4(a) shows the surface settlement profiles above
the centreline of each tunnel and the pillar along the
longitudinal axis of the tunnels (i.e., the y-direction)
for LT = 3.5D. For ease of comparisons, the computed
settlements as well as the longitudinal distances are
normalized by the equivalent diameter of the tunnel.
It can be seen that the settlement above the left tunnel (Section 2-2) is largest close to its excavated face
among the three sections and it approaches a constant
value of −0.29%D at a distance of 4D behind the
excavated face of the left drift of the left tunnel. The
settlement profile above the centreline of the pillar
(i.e., Section 1-1) is very similar to the one at Section 2-2 but the former gradually exceeds the latter at

0.1

0.5

0

Note: Net offset of ground surface settlement trough
= LX - LX (from twin tunnel analysis with LT =0)
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Figure 4(a). Normalized longitudinal surface ground
settlements at different sections for LT = 3.5D.
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Figure 5. Relationship between net offsets of ground surface settlement troughs (Lx ) at y = −8.6D, approaching the
plane strain conditions.
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Figure 4(b). Normalized transverse surface ground settlements at various longitudinal distances for LT = 3.5D.

y = −3.5D or −30 m with the approach of the right
drift of the right tunnel.
The settlement above the right tunnel (i.e., Section
3-3) is smallest prior to the construction of the right
drift of the right tunnel but it exceeds the settlement
above the left tunnel at y = −5.8D or −50 m and it
gradually resembles that above the centreline of the pillar. This reveals that the settlement trough shifts from
the left to the right of the centreline of the pillar as the
tunnel construction advances.
The shifting of the settlement trough can also
be clearly illustrated by plotting transverse surface
settlements at various longitudinal distances in the
y-direction for LT = 3.5D [see Figure 4(b)]. It is clear
that the settlement trough shifts gradually from the left
to the right and the maximum ground surface settlement offsets the centreline of the pillar. Figure 5 shows
the variations of the net offsets (Lx ) of the maximum
ground surface settlements with different LT values at
the plane strain section. The net offset is the offset
(Lx ) at any LT value minus the offset at LT = 0. The
offset at LT = 0 is taken as the reference since it is
very small and negligible. It can be seen that the net

offset increases gradually with LT , but it approaches a
constant value (i.e., 0.32%D) at LT = 2.5D or larger.
The amount of offset is an indication of the amount
of load transfer associated with the construction of
the neighbouring parallel tunnel. The smaller the offset, the more uniform the load shared between the
two tunnels. For instance, in case of LT = 0 when the
offset is the smallest and most negligible, the load is
shared almost uniformly between the two tunnels. On
the other hand, for LT = 2.5D or larger, more load is
taken by the leading tunnel (i.e., the left tunnel here)
than the lagging one (the right tunnel here) as illustrated by different distributions of bending moments
and axial forces in the tunnel linings for various LT
values later in the paper.

3.3

Figure 6 shows the variations of the bending moment
in both left and right tunnels at y = −75 m (or
y = −8.6D) with different LT values. It can be seen
that the magnitude of the bending moment in the
lining of the left tunnel increases with LT . The bending moments at the invert and at the right springline
regions (i.e., the pillar springline) are the most prominent. This is consistent with the results by Kim et al.
(1998), who reported that the incremental bending
moment of the existing tunnel is the largest at the pillar
springline regions. On the other hand, the influence of
LT on the bending moment distributions of the right
tunnel is mainly at the invert region. The increments
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Bending moments in the tunnel lining
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(a) Left tunnel

Figure 7. Variation of maximum incremental bending
moment (Mmax ) in lining at y = −8.6D, approaching plane
strain conditions with different LT .
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and changes of pore water pressures are not presented
in this paper. Please refer to Ng et al. (2004) for details.
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Based on the systematic 3D coupled finite element
analyses, the following conclusions can be drawn:

LT = 0D
LT = 0.6D
LT = 1.2D
LT = 2.3D
LT = 3.5D

(b) Right tunnel

single tunnel

Figure 6. Variation of bending moment in lining y =
−8.6D, approaching plane strain conditions with different LT .

at the other locations around the right tunnel opening
are not very significant.
Figure 7 shows the variations of the maximum
incremental bending moment in the lining with LT . As
expected, the maximum incremental bending moment
is the same for both left and right tunnels when LT = 0,
suggesting equal sharing of the load. As LT increases,
there is a transfer of load from the right tunnel to the left
tunnel, leading to an increase in the bending moment
in the left tunnel but a decrease in the bending moment
in the right tunnel.
The influence of LT on the axial force is greatest at
the pillar springline and at the invert. In the left tunnel, there is an increase in the axial force at the left
springline with an increase in LT , illustrating a load
transfer from the right tunnel to the left tunnel. Consistently, as LT increases, the load transfer mechanism
leads to a decrease in the axial force at the right springline of the right tunnel. The observed variations of the
axial force with LT are consistent with the bending
moment distributions shown in Figure 7. However, due
to length constraint, details of computed axial forces

1. Due to twin tunnel interactions, there is a reduction in the deformation at the pillar springline of
the tunnel as compared with those due to the construction of a single tunnel in a greenfield site. The
lagging distance between the two excavated faces of
the twin tunnels has a stronger influence on the horizontal movement than on the vertical movement of
each tunnel and it significantly affects the shortening of the horizontal diameter of the tunnels. The
change in pillar width (H) between the two tunnels appears to be an approximately linear function
of LT . However, the reduction in the vertical tunnel
diameter appears to be independent of LT .
2. There is a shift in the settlement trough above the
leading (left) tunnel to the lagging (right) tunnel
at various longitudinal distances for non-zero LT
cases. The location of the maximum settlement due
to the construction of the two twin tunnels offsets the centreline of the pillar. The offset increases
gradually with LT , but it approaches a constant
value (i.e., 0.32%D) at LT = 2.5D or larger. The
magnitude of the offset indicates the amount of
load transfer associated with the construction of a
neighboring parallel tunnel. The smaller the offset,
the more uniform the load shared between the two
tunnels. However, the magnitude of the maximum
settlements appears to be almost independent of LT .
3. The distributions of the bending moments induced
in the lining are similar in shape but they are different in magnitude in the two tunnels. The magnitude
of the bending moments is the largest in the left
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CONCLUSIONS

tunnel and is the smallest in the right tunnel. This
suggests that the left tunnel carries a larger portion of load than the right tunnel for non-zero LT
values. As LT increases, there is a transfer of load
from the right tunnel to the left unnel, leading to an
increase in the bending moment in the left tunnel
but a decrease in the bending moment in the right
tunnel.
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