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Abstract

Recent research has shown that in a parallel twin-tunnel arrangement, the 2nd tunnel generates greater settlement than the
Ist tunnel as the soil between the two tunnels softens. For other spatial twin-tunnel arrangements (twin tunnels with
different cover depths), the pattern of settlement can be more complex and is inevitably affected by the order in which the
two tunnels are constructed. Few studies have attempted to establish the relationship between the changes in soil stiffness
and settlement behaviour. Hence, the settlement behaviour induced by twin tunnels is not yet well understood. A numerical
model was created in this study, and a centrifuge model test was then used to verify the performance of this model. A series
of comparative numerical analyses (e.g., inclined and overlapping twin tunnel arrangements) were performed to investigate
the effect of the construction order and relative positions of the two tunnels. The relationship between the changes in soil
stiffness and settlement behaviour was well established. The mechanisms by which the 1st tunnel affects the settlement
behaviour produced by the 2nd tunnel were clarified.

Keywords Changes in the stiffness - Different cover depths - Sequential construction of twin tunnels - Settlement behaviour

List of symbols

E, Young’s modulus of the lining in the isotropic plane

E, Young’s modulus of the lining in normal direction of
the isotropic plane

v,  Poisson’s ratio of the lining

G, Shear modulus of the lining

M Critical state friction coefficient

A" Gradient of the normal compression line in In v-In p’
space

k*  Gradient of the elastic swelling line in In v-In p’ space

ecs Void ratio of isotropically normally compressed soil
when p’ =1 kPa

A Elastic shear modulus used in the 3-SKH model

T  Ratio of the size of the history surface to the bonding

1 Introduction

Tunnels are often constructed in major cities worldwide to
account for the pressing demand for more convenient and
efficient traffic facilities. The surface settlement trough
induced by a single tunnel can be effectively predicted by a
Gaussian curve [7, 22, 26, 27]. However, single tunnel
construction is rarely adopted in practice. To allow bidi-
rectional traffic, twin tunnels are one of the most common
forms of traffic flow in urban underground design. Twin

;urfgce ¢ the si  the vield surf - tunnels are often constructed separately and excavated in a
S atflo of the size ot the yield surface to the history sequential manner.
surface

A superposition method proposed by O’Reilly & New
[25] has been extensively adopted to predict surface set-
tlement troughs induced by twin tunnels. The superposition
5 Tiangi Zhang method was defined as a direct combination of multiple

TiangiZhang @tju.edu.cn settlement troughs induced by the individual tunnels
excavated in the greenfield site. This method did not con-
sider the interaction between the two tunnels (the interac-
tion mainly considered the influence of the Ist tunnel on
the settlement behaviour induced by the 2nd tunnel), which

Y Exponent in the hardening modulus
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could result in an underestimation of the magnitude of the
settlement. In situ observations have shown that, compared
with the 1st tunnel, the 2nd tunnel can result in greater
surface settlement [8, 9, 24]. Substantial construction risks
and potential safety hazards may be encountered during
twin tunnelling. Therefore, it is necessary to investigate the
influence of the Ist tunnel on the soil settlement induced by
the 2nd tunnel.

Yamaguchi et al., Addenbrooke and Potts, Hunt et al.
[1, 3, 15, 32] carried out a series of finite element analyses
to simulate twin tunnel construction. Chu et al., Kim et al.,
Chapman et al., Suwansawat & Einstein, Chen et al,,
Kirsch, Idinger et al., He et al., Divall and Goodey, Chen
et al.,, Liu et al, and Ma et al. [2, 4-6, 11, 12,
14, 16-21, 30] performed a number of physical model tests
to analyse the settlement behaviour of soil. Many scholars
have uncovered the settlement regularities induced by twin
tunnels. However, the mechanisms behind such soil set-
tlement behaviour are not well understood.

Divall et al. [13] analysed the variations in the shear
stiffness around two tunnels using the surface and subsur-
face settlements obtained from a series of centrifuge tests
and found that the influence of the 1st tunnel on the soil
settlement induced by the 2nd tunnel can be inferred by the
changes in soil stiffness. By performing numerical mod-
elling, Zhang et al. [33] successfully illustrated the settle-
ment behaviour induced by two parallel tunnels based on
the changes in soil stiffness around the 2nd tunnel. The
results indicated that the soil between the two tunnels
softened due to the excavation of the lst tunnel. More
surface settlement was generated, and thus, the settlement
trough became deeper. However, the parallel arrangement
is only one special case where two tunnels are symmetrical
and have the same cover depths. Many twin tunnels have
been excavated in other spatial arrangements (e.g., inclined
and overlapping arrangements). The settlements induced
by twin tunnels with different cover depths differ greatly
from those induced by tunnels arranged in parallel. For
instance, in the overlapping arrangement, the final accu-
mulated settlements were lower than those induced by two
single tunnels in a greenfield, and thus, the settlements
were overestimated by the superposition method [1]. In
addition, the settlements induced by twin tunnels with
different cover depths can be more complex and inevitably
affected by the construction order. However, little research
has been conducted on general spatial twin tunnel
arrangements to establish the relationship between twin-
tunnelling-induced settlements and changes in soil stiff-
ness. The mechanisms behind such settlement behaviour
are not well understood.

In this study, numerical analyses were carried out to
study the settlement behaviour of soil in general spatial
twin tunnel arrangements based on the changes in soil
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stiffness. First, a centrifuge model test performed by Divall
[10] was adopted, and the experimental process was care-
fully replicated to verify the performance of the model.
Various arrangements of twin tunnels with different cover
depths (e.g., inclined and overlapping arrangements) were
simulated at the prototype scale using the stress release
method, and the effect of the construction order and rela-
tive position of the twin tunnel was analysed. The maxi-
mum settlement (S;,,x) and settlement trough width (i) of
the resulting surface and subsurface settlement troughs
were analysed in detail. The soil settlement behaviour was
further analysed based on the changes in soil stiffness
around the 2nd tunnel. The soil settlement behaviour and
its interaction mechanisms for the sequential construction
of twin tunnels were finally clarified.

2 Establishment of the numerical model
2.1 Modelling approach

In this paper, twin tunnel construction was modelled using
the stress release method. This method has been validated
as an effective method for modelling tunnel construction in
a two-dimensional configuration [1, 3, 15]. The simulation
was performed at full scale and the process included a total
of 7 steps:

a) Initial state (K, consolidation) The model was
initialized by a normally consolidated state. The
stress condition, Ko =1 — sin ¢, was adopted to
achieve K| consolidation in the solid—fluid coupling
mode in a greenfield. The tunnel lining was assumed
to be impermeable. The boundary condition of the
pore pressure at both sides of the model was set to
linearly increase with depth, exhibiting a triangular
distribution (cf. Figure 1a).

b) Excavation of the Ist tunnel The 1st tunnel was
excavated by removing the corresponding elements
at the very beginning of this step. The overall
displacements of all the nodes around the tunnel were
constrained afterwards. The nodal reaction forces
acquired at the fixed tunnel boundary could be taken
as the initial support pressure for support (cf.
Figure 1b).

c) st tunnelling event The tunnel boundary was freed,
and the initial support forces were applied to all
nodes around the 1st tunnel, which corresponds to the
constraint condition of the 1st tunnel at the end of
step (b). To model the tunnel excavation, a ‘time-
dependent stress release’ method was adopted. The
initial support pressure was linearly reduced over the
step time. The reduction in support pressure was
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Fig. 1 Simulation procedure for twin tunnel construction

d)

e)

determined by measuring the volumetric change of
the tunnel using a script coded in Python (the Python
code and relevant instructions are given in the
supplemental material).The duration for the excava-
tion of the 1st tunnel was 7 days. The tunnel lining,
which was made of C50 concrete with an elastic
modulus (E.;,) of 34.5 GPa, a thickness of 0.3 m and
a bulk density of 25 kN/m’, was implemented
immediately upon the excavation. The thickness of
0.3 m was adopted in both the practical engineering
and the numerical model. The tunnel lining was
modelled using shell elements and a transversely
isotropic model [34]. The lining parameters are given
in Table 1. These parameters are explained in the list
of notations below. (cf. Figure Ic).

Rest period A rest period of 21 days was allowed
immediately after the completion of the 1st tunnel,
which represented a construction delay before the
2nd tunnelling event for the soil mass to consolidate
and settle without any disturbance (cf. Figure 1d).
Excavation of the 2nd tunnel The operations per-
formed for the 1st tunnel in step (b) were repeated for
the 2nd tunnel (cf. Figure le).

Table 1 Tunnel lining parameters

Eela (kPa)

E, (kPa) E, (kPa) Up G, (kPa)

34,500,000

25,875,000 34,500,000 0.2 10,781,250

f)

g)

2nd tunnelling event The operations performed for
the 1st tunnel in step (c) were repeated for the 2nd
tunnel (cf. Figure 1f).

Completion of the twin tunnel Twin tunnel construc-
tion was complete when the volume loss for each
tunnel reached 1%, followed by sufficient time for
soil movements to develop (cf. Figure le).

2.2 Constitutive model

The three-surface kinematic hardening (3-SKH) model was
adopted as the constitutive model in the numerical simu-
lation (Fig. 2). This constitutive model was an extension of
the Modified Cam-Clay (MCC) model. Two additional
surfaces (yield surface, YS; history surface, HS) were
introduced within the MCC critical state bonding surface

qA

Fig. 2 Sketch of 3-SKH model in p-q plane
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(BS). If a stress point (p/, ¢) in p’-g space is within the YS
surface, soil displays elastic deformation and high small-
strain stiffness, which is formulated in Eq. 1. When the
stress point is in contact with the YS surface (cf. Eq. 2),
soil starts to enter the yield state and then the YS surface
translates along the subsequent stress path direction. In
addition, if a stress reversal is detected, such a translation
rule allows the stress point to return to the YS surface and
has the merit of reintroducing the high stiffness of soil. As
the stress path extends, the stress point is in contact with
the HS surface which is defined by Eq. 3. The YS surface
also intersects with the HS surface at the current stress
point. The translation rule of the HS surface is the same as
that of the YS surface. Finally, when the stress point and all
the surfaces (YS, HS, and BS surfaces) are in contact, the
3-SKH model reduces to the MCC model and the soil
reaches the failure state on the critical state line (the
equation of the bonding surface is given in Eq. 4). In this
way, the effect of recent stress history on the soil behaviour
could be simulated using the 3-SKH model.

oy | | KT/p 0f|dp )
ol | 01/3G.. || dq
;2 (Q*flh)szzSz 7 )
P —py) +7M2 = Po (2)
/N2 (q B qa)2 2.2
(P pa) + M?2 =T Po (3)
! AV iz _ 2
(" —po) +M2 =D (4)

where p and g refer to the current stress state. pé, refers to
the centre of the bonding surface. p; and ¢, refer to the
centre of the history surface. plb and gy, refer to the centre of

the yield surface. G,ec refers to the elastic shear modulus of
soil at small strain. & and & refer to the elastic volumetric
and shear strain, respectively.

According to Stallebrass and Taylor [29], the previous
stress path before the current stress changes, which affected
the stiffness of the soil, was termed the recent stress his-
tory. The changes in the stiffness of the soil would
accordingly affect the soil behaviour. In this way, this
model can consider the effect of the stress history on soil
stiffness in a multistage simulation, by which the effect of
soil disturbance around the Ist tunnel on the soil stiffness
and ground settlement behaviour of the 2nd tunnel could be
effectively simulated.

Numerical analyses were carried out using the com-
mercial finite element software ABAQUS (version 2016).
The 3-SKH model was implemented using a user-defined
material subroutine (UMAT), which was reprogrammed in
FORTRAN, following the original version used in CRISP
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by Stallebrass [28] and the C+ + version used in
TOCHNOG by Masin [23].

A centrifuge model test was selected for the validation
of the 3-SKH model. A schematic diagram of the physical
and numerical model is shown in Fig. 3. More details of
the centrifuge model test and corresponding numerical
simulation can be found in the Appendix. Speswhite kaolin
clay was adopted in this test. The soil parameters for the 3-
SKH model have been well documented in many collab-
orative studies by researchers at City University of London
[28, 31], as shown in Table 2. In Table 2, M, 1", k*, e., and
A were five parameters in the MCC model. T, S, and
were three exclusive parameters in the 3-SKH model.
These parameters are explained in the list of notations
below.

The comparison between the measured and computed
data is shown in Fig. 4. The surface settlement troughs
obtained by the numerical simulation were basically anal-
ogous to those of the test data. Both the numerical simu-
lation and the centrifuge model test showed that the 2nd
tunnelling event produced deeper and narrower settlement
troughs than the 1st tunnelling event (for the experimental
data and numerical results, the S,.x induced by the 2nd
tunnel was approximately 25% and 28% greater than that
induced by the 1st tunnel, respectively, and the i induced
by the 2nd tunnel was approximately 5% and 6% lower
than that induced by the Ist tunnel, respectively). As a
consequence, the 3-SKH model could effectively model the
excavation of twin tunnels.

3 Simulated cases

Five cases, namely, N1-N5, were considered in this paper
and are summarized in Table 3. Unlike the above-men-
tioned numerical simulation, these five cases were per-
formed at the prototype scale. A schematic diagram of the
two-dimensional plain-strain model is shown in Fig. 5.
Each tunnel had a diameter (D) of 6.6 m. The upper tunnel
had a cover depth (C) of 2 D. The vertical and lateral
extents of the model were maintained at 3 D and 6 D,
respectively, to eliminate possible boundary effects. Vari-
ous twin tunnel arrangements (parallel, inclined and over-
lapping arrangements) were modelled with a centre-to-
centre spacing (S) of 1.5 D. The centre of the 1st tunnel and
positive x-axis were assumed to be the origin and polar
axis, respectively, in the polar coordinate system. For a
better understanding, in Table 3, the angle (0) of the 2nd
tunnel with respect to the polar axis was proposed to rep-
resent the relative positions of twin tunnel. The time
allowed for the construction of each tunnel was set to
7 days. The V, of each tunnel was set to 1% based on the
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Fig. 3 Schematic diagram of the centrifuge model

Table 2 Soil parameters for the 3-SKH model

M A K* €cs A (kPa)

T S V] ky(mm/s) kp(mm/s)

0.89 0.073 0.005 1.994 1964

0.25 0.08 2.5 4.7 x 1077 1.37 x 107°

stress release method. A delay of 21 days between the
construction of the two tunnels was used in the simulation
and considered the rest period.

4 Results
4.1 Surface settlement induced by the 1st tunnel

The maximum net surface settlement and trough width
induced by the 1st tunnel were labelled S,.x; and iy,
respectively. The settlement trough was symmetrical about
the centreline of the 1st tunnel as the tunnel was excavated
in a greenfield site (cf. Figure 6). The shallower the tunnel
cover is, the deeper and narrower are the surface settlement
trough.

4.2 Final accumulated surface settlement
induced by twin tunnelling

The final accumulated surface settlement, (S;,.x), induced
by twin tunnelling is given in Fig. 7. The superposition of
Smax induced by each tunnel at the positions of the two
tunnels is also shown in Fig. 7. The superposition method
neglects the twin-tunnel interaction and severely underes-
timates the S,,.x induced by twin tunnelling. When the two
tunnels were excavated in a parallel arrangement, S;,,,x was
58% greater than that of the superposition method. For the
inclined arrangements N2 and N3, the S,,.x values were
35% and 44% greater than those of the superposition
method, respectively. The excavation of the overlapping
twin-tunnel arrangements N4 and N5 exhibited obvious
differences in Sy, and the values were 27% and 59%
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Fig. 4 Comparisons of the computed and measured surface settlements

Table 3 Details of the twin tunnel numerical simulation series

Test  Relative Ist Angle Cover depth Space
ID positions tunnel  (°) ratio (C/D) ratio
(S/D)
N1 Parallel Left 0 2 1.5
N2 Inclined Upper — 135 2 and 3.06 1.5
N3 Inclined Lower 45 2 and 3.06 1.5
N4 Overlapping Upper —90 2 and 3.5 1.5
N5 Overlapping Lower 90 2 and 3.5 1.5

greater than those of the superposition method. Therefore,
the effect of the disturbance of the Ist tunnel on soil
deformation behaviour needs to be further investigated.
As shown in Fig. 7, S;,.x was independent of the con-
struction order for the symmetrical configuration of the
parallel twin tunnel. However, the construction order can
have great implications for twin-tunnel surface settlement
depending on cover depth (e.g., inclined and overlapping
arrangements). When the upper tunnel was excavated
second, Sp,.x Was 6% and 25% greater than that induced
when the lower tunnel was excavated second in the
inclined and overlapping arrangements, respectively.

4.3 Net surface settlement induced by the 2nd
tunnel

The maximum net surface settlement and trough width
induced by the 2nd tunnel were labelled S...> and i5,
respectively. If the twin tunnel was excavated in a parallel
arrangement (the angle 0 is 0° in N 1), the settlement trough
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s+ LVDT data for the 2" tunnel
FEM results for the 2" tunnel

induced by the 2nd tunnel was independent of the con-
struction order, as the two tunnels were symmetrical and
had the same cover depth. As shown in Fig. 8a, compared
to the values induced by a single tunnel at the position of
the 2nd tunnel, S,.x> Was 32% greater than Sy,.x, While i,
was 9% lower. These results seem to match the results
obtained by Zhang et al. [33]. However, for twin tunnels
with different cover depths and relative positions, the
variation trend of S;,.x> and i, can be quite complex.

When the upper tunnel was excavated first (the angle 6
was -135° in N2 and -90° in N4), i, was substantially
affected by the presence of the st tunnel, and i, was 46%
and 59% greater than that induced by a single tunnel at the
position of the 2nd tunnel. However, S;,.x> was not sub-
stantially affected by the Ist tunnel, and S,,.x> was 9% and
17% lower than that induced by a single tunnel (cf. Fig. 8b,
d).

When the lower tunnel was excavated first (the angle 6
is 45° in N3 and 90° in N5), S.x> Was found to be sub-
stantially affected by the presence of the 1st tunnel. Sy,
was 26% and 61% greater than that induced by a single
tunnel at the position of the 2nd tunnel. However, i, was
not substantially affected by the 1st tunnel. i, was 1% and
22% lower than that induced by a single tunnel (cf. Fig. 8c,
e).

In conclusion, if the 2nd tunnel is a shallowly buried
tunnel, S,.x> may experience a stronger disturbance than
i»; otherwise, i, may experience a greater disturbance than
Smax2~

To gain further insight into the interaction mechanism
between twin tunnels, the subsurface deformation respon-
ses are also given in Figs. 9 and 10 for Sy.x> and i,
respectively. In comparison with single-tunnelling-induced
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Fig. 5 Schematic diagram of the twin tunnel numerical model
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Fig. 6 Surface settlement induced by the 1st tunnel
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Fig. 7 Final accumulated surface settlements induced by twin
tunnelling

subsurface settlement, the variations in S;,,,x> Were opposite
to those in i,. Figure 9 shows that the S,,..» induced by N3
and N5 was considerably greater than that induced by a
single tunnel at the same position as the 2nd tunnel. In
contrast, Sp,ax> induced by N2 and N4 was slightly lower
than that induced by the single tunnelling event.

As shown in Fig. 10, irinduced by N3 and N5 was
slightly lower than that induced by a single tunnel at the
same position of the 2nd tunnel. However, i, induced by
N2 and N4 was much greater than that induced by the
single tunnelling event. The results measured deep under-
ground were consistent with those at the surface, and the
surface and subsurface settlement behaviour could be
attributed to the displacement patterns surrounding the 2nd
tunnel [33].

4.4 Explanation of the soil deformation
behaviour during twin tunnelling

To explain the abovementioned observations, additional
settlements were defined in this section and were calculated
by subtracting the net soil settlements induced by the 2nd
tunnel from those induced by a single tunnel at the position
of the 2nd tunnel. If the soil settlements induced by the 2nd
tunnel were greater than those induced by a single tunnel,
the additional settlements were assumed to be positive. In
this way, the distribution of the main additional settlements
surrounding the 2nd tunnel parallel to the 1st tunnel is
given in Fig. 11. In the parallel arrangement, the angle 6 is
0° in N1, and the soil between the two tunnels settled more
than that at other locations, which represented positive
additional settlement relative to that of a single tunnelling
event. In contrast, the soil at the crown region of the 2nd
tunnel experienced less settlement, which represented
negative additional settlement. Hence, the settlement
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Fig. 8 Net surface settlement induced by the 2nd tunnel

trough induced by the 2nd tunnel was deeper and narrower
than that induced by the 1st tunnel. S,,,x» was greater due
to the positive additional settlement between the two tun-
nels. In fact, the variations in the settlement trough can be
effectively explained by the soil displacement surrounding
the 2nd tunnel. More inward displacements occurred at the
shoulder and springline of the 2nd tunnel, while fewer
inward displacements occurred at the crown of the 2nd
tunnel. This displacement pattern was attributed to the
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changes in the soil stiffness around the 2nd tunnel [33]. In
this study, the secant shear modulus (G;) was defined to
represent the soil stiffness, which can be expressed as:

Agq

Ae, (5)

G, =

where the deviatoric stress g and shear strain & can be
defined as:
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soil stiffness under the influence of the Ist tunnel. Gy,
represents the soil stiffness around the 2nd tunnel during its
construction. Gy represents the soil stiffness induced by a
single tunnel at the same position as the 2nd tunnel in the
greenfield site. A ratio value (Gy/Gy) of less than 1.0
indicated that the soil softened; otherwise, the soil hard-
ened. The variations in the soil stiffness around the 2nd
tunnel are given in Fig. 11. The soil at the springline region
of the 2nd tunnel softened, and thus, more inward dis-
placements were generated. The soil at the crown region of
the 2nd tunnel hardened, and fewer inward displacements
were generated.

For twin tunnels with different cover depths and relative
positions, the variations in the settlement troughs induced
by the 2nd tunnel can also be explained based on the
changes in soil stiffness.

When the upper tunnel was excavated first (the angle 0
is — 135°in N2 and — 90° in N4), the soil at the shoulder
and springline region of the 2nd tunnel softened. Therefore,
the soil in these regions was displaced towards the 2nd
tunnel, and positive additional settlements were generated

-m-N3(C=2.0D)
A-N5(C=2.0D)
Single tunnel event (C=2.0 D)
- 0- N2 (C=3.06 D)
- - -Single tunnel event (C = 3.06 D)
A- N4 (C=3.5D)
Single tunnel event (C=3.5 D)

smaxz (mm)

0.0 0.5 1.0 1.5 2.0
Depth (4 /D)

Fig. 9 Variations in Sy,,x> With increasing depth

-m- N3(C=2.0D)
A N5(C=2.0D)
——Single tunnel event (C = 2.0 D)
-0- N2 (C=3.06 D)
- - -Single tunnel event (C = 3.06 D)
A N4(C=3.5D)
Single tunnel event (C = 3.5 D)

0.0 0.5 1.0 1.5 2.0
Depth (h /D)

Fig. 10 Variations in i, with increasing depth

accordingly. In addition, the soil at the crown region of the
2nd tunnel hardened, and less inward displacement
occurred above the crown region of the 2nd tunnel than for
a single tunnel, resulting in a lower Sy.x>. The surface
settlement trough became increasingly shallow and broad,
and i, was considerably greater than that induced by a
single tunnel (cf. Fig. 13a, b).

When the lower tunnel was excavated first (the angle 6
is 45° in N3 and 90° in N5), the soil at the shoulder and
springline region to both sides of the 2nd tunnel softened
and was displaced towards the 2nd tunnel to a greater
degree. Due to the softening effect, positive additional
settlement was generated on both sides of the 2nd tunnel
and finally extended upwards to the surface, leading to
greater value of S.x, Whereas i, was lower than that
induced by a single tunnel as the surface settlement trough
became deeper (cf. Fig. 12a, b).

N1
Distribution of additional settlements
0 W
*fl
-10 K Less inward
displacements
20 nd
1 tunnel 2" tunnel
30 More inward
displacements
40 y (m) Reference Vector
T x (m) — 9.8 mm
-50 >

550 -40 30 20 -10 0 10 20 30 40 50

Changes in the stiffness of the soil around the 2"¢ tunnel

Softening
180 Hardening

Fig. 11 Distribution of additional settlements and changes in the soil
stiffness around the 2nd tunnel (parallel arrangement)
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Fig. 12 Distribution of additional settlements and changes in the soil stiffness around the 2nd tunnel (the upper tunnel was excavated second)

It was also found that the soil at the invert region of the
2nd tunnel hardened, except when the 2nd tunnel was
excavated right above the lower tunnel in the overlapping
arrangement (the angle 6 is 90° in NS5). Nevertheless, no
obvious additional settlements were observed at the tunnel
invert, although the soil hardened or softened there (cf.
Figs. 11, 12a, 13). Basically, this hardening or softening
effect on soil at the invert region has little impact on the
convergence of the 2nd tunnel and the ground settlement.
In other words, the effect of the 1st tunnel event on soil at
the invert region of the 2nd tunnel was not strong enough to
lead to the changes in surface settlements.

5 Conclusions

This article focuses on the investigation of the surface
settlement trough induced by twin tunnels with different
cover depths. The effect of the order in which the two
tunnels were constructed was analysed as well. The fol-
lowing conclusions could be drawn for the tunnelling
conditions considered in this study.

@ Springer

1. If the lower tunnel was excavated first, the soil at the
shoulder and springline regions of the 2nd tunnel
softened. The resulting inward displacements induced
positive additional settlements at the surface, which
resulted in a higher S,,..» than produced by a single
tunnel. The surface settlement trough became deeper
so i, was deemed to be lower.

2. If the upper tunnel was excavated first, the soil at the
shoulder and springline regions closer to the 1st tunnel
softened. In addition, the soil at the crown region
hardened. Due to the changes in soil stiffness, more
inward displacements were generated at the shoulder
and springline regions closer to the 1st tunnel, while
fewer inward displacements were generated at the
crown region. Therefore, positive additional settlement
occurred between the two tunnels, while negative
additional settlement occurred above the crown region
of the 2nd tunnel. As the tunnels were excavated, the
surface settlement trough became increasingly shallow
and broad, S,,.x» Was lower, and i, was greater.



Acta Geotechnica (2023) 18:469-482

479

N2
Distribution of additional settlements

0

-10
Less inward
20 displacements 1¢t tunnel
More inward
30 2nd tunnel displacements
40 » (m) Reference Vector
T x(m) ™ 13.1 mm

250 n

550 -40 30 -20 -10 O 10 20 30 40 50

Changes in the stiffness of the soil around the 2"¢ tunnel

e .

. -

Softening
Hardening

(a) Inclined arrangement

N4
Distribution of additional settlements
0"
-10
20

15 tunnel

Less inward

-30 i
More inward displacements

displacements

y (m) » Reference Vector
T x(m) | 15.8 mm
-50 ‘ >

-50 -40 -30 -20 -10 O 10 20 30 40 50

Changes in the stiffness of the soil around the 2" tunnel

40

2"d tunnel

Softening
180 Hardening

(b) Overlapping arrangement

Fig. 13 Distribution of the additional settlements and changes in the soil stiffness around the 2nd tunnel (the lower tunnel was excavated second)

Appendix: Numerical simulation
for the centrifuge model test

Centrifuge model test

The centrifuge model test simulated in this study was
performed by Divall [10] at City University of London.
The model was 550 mm wide, 242 mm high and 200 mm
thick. The two cavities inside the strong box had the same
diameter (D) of 40 mm. The upper cavity had a cover
depth of 2 D. The twin tunnels with an inclined arrange-
ment had a lateral centre-to-centre spacing of 1.5 D and
were offset vertically by 1.5 D. Nine linear variable dif-
ferential transformers (LVDTs) were placed symmetrically
above the model with a uniform spacing of 45 mm.

The procedures for the preparation of the centrifuge
model test were as follows:

a) Consolidating the slurry: Speswhite kaolin slurry
with a water content of 120% was prepared first. A
pressure of 500 kPa was applied on the sample to
achieve full consolidation (cf. Fig. 14a).

b) Unloading the sample: The applied pressure was
subsequently reduced to 250 kPa so that the sample
was in an overconsolidated state (cf. Fig. 14b).

c) Installing the tunnels: After the consolidation pres-
sure was completely removed from the sample, the
exposed clay surface was quickly sealed with silicon
oil to prevent the evaporation of pore water. Then,
two tunnel cavities were bored at the positions of the
twin tunnels (cf. Fig. 14c).

d) Acceleration model: Both cavities were supported by
water within a latex membrane. Once the abovemen-
tioned work was performed, the assembled model
was placed on the centrifuge swing. The model was
accelerated to 100 g within 4 min and left running
for 24 h. The preparation of the twin tunnel cen-
trifuge model was complete when the equilibrium
state was reached (cf. Fig. 14d).

The modelling of twin tunnel construction can be divi-
ded into the following four steps in the centrifuge model
test:

a. Ist tunnelling event The Ist tunnel was excavated
within 60 s. A certain volume of water was removed
from the Ist tunnel cavity via the fluid control system

@ Springer
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500 kPa

(a) Consolidating the slurry

100 g O
@

(d) Acceleration model

(g) 2" tunnelling event

Fig. 14 Test procedure

to simulate the first tunnelling event, which led to a
volume loss of 3% (cf. Fig. 14e).

b. Construction delays A time interval of 180 s was set
immediately after the completion of the 1st tunnelling
event and before the excavation of the 2nd tunnel. The
time interval mimicked a practical construction delay
of 3 weeks (cf. Fig. 14f).

c. 2nd tunnelling event The 2nd tunnel was excavated
within 60 s. Similarly, the same amount of water was
discharged from the 2nd tunnel cavity via the fluid
control system (cf. Fig. 14g).

d. Elapsed time After the completion of the twin-
tunnelling event, the centrifuge was run for at least
an hour after the test to model long-term soil settlement
(cf. Fig. 14h).

Numerical simulation

The process of centrifuge model testing was carefully
reproduced by the following simulation procedure:

a) Initial state (K, consolidation) An effective vertical
stress of 500 kPa was applied to the model. The
stress condition of Ky =1 — sin ¢’ was adopted in
equilibrium with an applied surcharge of 500 kPa.
During the soil-making process in step (a) to step (b),

@ Springer

(b) Unloading the sample

(e) 1% tunnelling event

250 kPa

l Seal silicon oil

(c) Installing the tunnels

(f) Construction delays

(h) Elapsed time

drainage was allowed at both the top and bottom of
this model (cf. Fig. 15a).

b) One-dimensional swelling The surcharge was
reduced to 250 kPa, while the pore pressure of the
model was maintained at zero, corresponding to a
completely consolidated state (cf. Fig. 15b).

¢) Installation of the tunnels Drainage was not allowed
at this step. At the very beginning of this step, the
surcharge was deactivated. Two tunnel cavities were
subsequently installed by removing the correspond-
ing elements. In addition, a pore pressure of
— 250 kPa was imposed on the soil model to
maintain the effective stress of 250 kPa, which was
the same as the one at the end of the previous step (cf.
Fig. 15¢).

d) Consolidation in flight The removed cavity elements
were replaced with elastic ‘water’ elements. The
water element had a density of 1000 kg/m’, bulk
modulus K, of 2180 MPa and a tiny shear modulus
Gy,. From this step, the bottom of the model was set
to be completely permeable. To simulate the true
initial stress state, the gravitational force was then
increased to 100 g in 4 min, followed by a suffi-
ciently long duration of constant loading for full
consolidation (cf. Fig. 15d).

The process of constructing twin tunnels is described
below:
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(b) One-dimensional swelling

Support pressure
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0 kPa

| | |

Initial pore pressure
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D

(d) Consolidation in flight

Support pressure
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(e) 1% tunnelling event

(f) Consolidation of the 1* tunnel

O
O

(g) 2™ tunnelling event

Fig.15 Simulation procedure

(a) Ist tunnelling event Water elements were removed at
the very beginning of this step, and a relatively low
pressure was imposed on the cavity surface to
achieve a volume loss of 3% in 60 s (cf. Fig. 15e).

(b) Consolidation of the 1st tunnel Water elements were
reactivated but were free from gravity. A 180-s
interval was set as a time delay after the Ist
tunnelling event (cf. Fig. 15(f)).

(¢c) 2nd tunnelling event The operations performed in
step (a) for the 1st tunnel were repeated for the 2nd
tunnel (cf. Fig. 15g).

(d) Consolidation of the 2nd tunnel: The operations
performed in step (b) for the 1st tunnel were repeated
for the 2nd tunnel (cf. Fig. 15h).
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