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Abstract. By conducting three-dimensional simulation with consideration of small-strain characteristics of soil stiffness, the
effects of excavation geometry and tunnel cover to diameter ratio on deformation mechanisms of an existing tunnel located
either at a side of basement or directly underneath the basement were systematically studied. Field measurements were used to
verify the numerical model and model parameters. For basement excavated at a side of an existing tunnel, the maximum
settlement and horizontal displacement of the tunnel are always observed at the tunnel springline closer to basement and tunnel
crown, respectively, regardless of basement geometry. By increasing basement length and width by five times, the maximum
movements of tunnel located at the side of basement and directly underneath the basement increase by 450% and 186%,
respectively. Obviously, tunnel movements are more sensitive to basement length rather than basement width. For basement
excavated at a side of an existing tunnel, tunnel movements at basement centerline become stable when basement length reaches
10 H. (i.e., final excavation depth). Moreover, tunnel heaves due to overlying basement excavation become stable when the
normalized basement length (L/H.) is larger than 8.0. As tunnel cover to diameter ratio varies from 2.5 to 3.0, the maximum
heave and tensile strain of tunnel due to overlying basement excavation decrease by up to 41.0% and 44.5%, respectively. If
basement length is less than 8 H., the assumption of plane strain condition of basement-tunnel interaction grossly overestimates
tunnel movements, and ignores tensile strain of tunnel along its longitudinal direction. Thus, three-dimensional numerical
analyses are required to obtain a reasonable estimation of tunnel responses due to adjacent and overlying basement excavations
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in clay.
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1. Introduction

Because of rapid growth in population, the subway
becomes the main transportation in mega cities, such as
Shanghai, London and Hong Kong. Currently, many
subways have been constructed in those mega cities (e.g.,
Forth 2004, Marshall and Mair 2011, Klar et al. 2016, Cui
et al. 2018, Sadique et al. 2022, Zaid 2021a, Zaid 2021b,
Zaid 2021c). For convivences, it is not uncommon to
construct basements for shopping malls or carparks at a side
of or directly above an existing tunnel (e.g., Leung et al.
2000, Zheng et al. 2008, Devriendt et al. 2010, Khabbaz et
al. 2019, Liang et al. 2021, Vinoth and Aswathy 2021, Ye et
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al. 2021, Zaid and Mishar 2021, Zaid and Shah, 2021, Zaid
et al. 2022) or an existing pile (Meng et al. 2020, Cui et al.
2022, Cui et al. 2023, Kong et al. 2023a, Kong et al. 2023b,
Zhou et al. 2023). As a result of basement excavation-
induced stress changes in the ground, the existing tunnels
undergo additional deformations and tensile strains. If
basement excavation-induced additional deformation
exceeds the allowable values, the serviceability and safety
of existing tunnels may be affected.

By conducting field studies (e.g., Wen et al. 2010,
Zhang et al. 2012, Li et al. 2018, Mahajan et al. 2019,
Soomro et al. 2019), tunnel responses due to above and
adjacent basement excavations were monitored. Because of
basement excavation, the maximum settlement and heave of
existing tunnels located at a side of and underneath
basements were 11.0 mm and 14.2 mm, respectively. All
those measured tunnel movements exceeded the allowable
criterion of an existing tunnel given by Liu ez al. (2011).

By conducting extensive centrifuge tests in dry sand,
effects of relative basement-tunnel location, soil density and
wall stiffness on tunnel responses were explored (e.g., Ng et
al. 2013, Ng et al. 2015, Meng et al. 2023). It was found
that much larger deformations were induced in an existing
tunnel located underneath a basement rather than at side of
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a basement. But this conclusion may be applicable for a
tunnel located below the formation level of basement in
sand. For an existing tunnel located at the side but above the
formation level of basement in clays, basement excavation-
induced maximum tunnel settlement was as high as 19.0
mm (Ge 2002). By conducting three-dimensional numerical
parametric study in dry sand, Shi ez al. (2015, 2019) found
that basement-tunnel interaction along basement centerline
could be simplified as plane strain condition as long as the
basement length reached 10 times of the final excavation
depth. In those studies, basements were mainly excavated in
dry sand, which was different from ground stratum in
Shanghai, London and Singapore. Thus, conclusions drawn
from basement-tunnel interaction in dry sand may not be
applicable for tunnel responses due to basement excavation
in clays.

By conducting three-dimensional numerical analyses
and centrifuge tests in soft clay, Huang et al (2014)
explored responses of an existing tunnel due to overlying
basement excavation. As an increase in tunnel cover to
diameter (C/D) ratio, basement excavation induced heave in
the underlying tunnel decreased rapidly. By using Mindlin’s
solutions, Sun et al. (2019) proposed an analytical solution
for estimating tunnel responses due to overlying basement
excavation in dry sand. Using Pasternak foundation model,
Huang et al. (2022) developed an analytical solution for
estimating deformation of a segmental tunnel due to
overlying basement excavation. Although basement
excavation at a side of basement causing excessive tunnel
movements (e.g., Ge 2002, Li et al. 2018, Liu et al. 2020,
Bu et al. 2022), previous studies mainly focused on tunnel
responses due to overlying basement excavation.

Current studies mainly focused on tunnel responses due
to overlying basement excavation in dry sand. For basement
excavated at a side of an existing tunnel, three-dimensional
tunnel deformation mechanisms in soft clays were not fully
understood. By conducting three-dimensional simulation
with consideration of small strain soil stiffness, the effects
of excavation geometry and tunnel cover to diameter ratio
on deformation mechanisms of an existing tunnel located
either at a side of basement or directly underneath basement
were systematically studied.

2. Three-dimensional numerical
basement-tunnel interaction in clay

modelling of

2.1 Numerical analysis program

Fig. 1 shows a schematic view of basement-tunnel
interaction considered in this study. A new basement was
constructed at a side of or directly above an existing tunnel.
The designed final excavation depth of the basement was 12
m, which was a typical value in practice. In order to ensure
the serviceability and safety of the existing tunnel,
diaphragm wall with a thickness of 0.8 m and three
horizontal concrete props were designed to reduce basement
excavation-induced lateral wall movements. To alleviate
basement excavation-induced adverse effects on existing
tunnels, soil within basement was reinforced to reduce

Ground Ground

Existing tunnel

Soft clay

Existing tunnel

Fig. 1 The relative position between basement and
existing tunnels

Table 1 Numerical analysis scheme of basement excavated
at side of an existing tunnel

Normalized  Normalized Clear distance  Tunnel cover
excavation excavation between tunnel and to diameter
length, L/H.  width, B/H.  basement, S/D ratio, C/D
2,4,6, 8,10 2 0.5,1.0 1.0
2 2,4,6,8,10 0.5,1.0 1.0

Table 2 Numerical analysis scheme of basement excavated
above an existing tunnel

. . Normalized
Normalized excavation excavation width Tunnel cover to
length, L/He > diameter ratio, C/D
B/He
2,3,4,5,6,7,8,9, 10 2, 3,5 2.5,3.0

basement excavation induced tunnel movements.

In the numerical parametric study, effects of basement
geometry and relative position between basement and
tunnel were explored. In practice, basements were normally
constructed at least 3 m away from an existing tunnel.
Moreover, the cover depth of an exiting tunnel was
normally larger than 3.0 m. Previous studies have reported
that excavation length or excavation width can be as high as
10 to 20 times of the final excavation depth. For basement
constructed at a side of an existing tunnel, the normalized
clear distances between basement and existing tunnel (S/D)
were 0.5 and 1.0. Both the normalized excavation length
(L/H.) and excavation width (B/H.) were varied from 2 to
10. In all these cases, the cover to tunnel diameter ratio
(C/D) was controlled as 1.0.

For basement constructed directly above an existing
tunnel, the normalized excavation length (L/H.) and
excavation width (B/H.) were varied from 2 to 10 and 2 to
5, respectively. In reality, the outer diameter of shield tunnel
was approximate 6 m, and tunnel cover to diameter ratio
was in a range of 2.0 to 5.0 (e.g., Shi et al. 2022). To
explore the effects of tunnel cover to diameter ratio (C/D)
on tunnel responses, C/D ratios were varied from 2.5 to 3.0.
In total, 72 numerical runs were conducted to investigate
three-dimensional deformation mechanisms of an existing
tunnel located either at a side of basement or directly
underneath a basement in clays.
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Fig. 2 Three-dimensional numerical mesh of basement
excavation above an existing tunnel

2.2 Finite element mesh and boundary conditions

Fig. 2 shows the three-dimensional finite element mesh
of basement excavation above an existing tunnel. For this
typical finite element mesh, the basement length (L),
basement width (B) and final excavation depth (H,) were
72, 24 and 12 m, respectively. As reported by previous
studies, the influence zone of soil behind the retaining wall
due to basement excavation was 4 times of the final
excavation depth (Hsieh and Ou 1998). In this study, the
clear distance between the retaining wall and mesh
boundary was kept as 50 m, which was 4.2 times of the
final excavation depth. Moreover, the distance between the
tunnel invert and the bottom of mesh was 3 times of the
final excavation depth, which was wider than the primary
zone of ground deformation due to basement excavation in
soft clays (Hsieh and Ou 1998). Thus, the model dimension
was large enough to eliminate boundary effects on tunnel
responses. A typical shield tunnel with an outer diameter of
6.2 m and a wall thickness of 0.35 m was simulated in this
study. The total length of the retaining wall was 21 m,
implying that the penetration ratio of the retaining wall was
0.75 m. To reduce basement excavation-induced soil and
structure deformations, soil within basement was reinforced
by jet grouting.

To considering the effects of joints on tunnel flexural
stiffness, the shield tunnel was simulated by a continuous
structure with a reduced stiffness. The tunnel joints were
not directly simulated in the numerical analysis. This study
aims to investigate three-dimensional deformation
mechanisms due to nearby basement excavation. Thus, the

Table 3 HSS model parameters of soft clay and cemented

Model Parameter Soft clay Cemented soil
Secant modulus,
. 1
Es (MPa) 36 .
Tangent oedometric
4. 1
modulus, E (MPa) 3 5
Unloading-reloading modulus,
252
Ei' (MPa) . 8
Modulus stress related 0.8 0.5
power exponent, m
Effective cohesion, ¢’ (kPa) 10 60
Effective fflcglon angle, 25 25
@ ()
Shear strain corresponding to
o ” 2.0 20.0
initial shear modulus, y,, (10™)
Initial shear
100.8 170

modulus, GJ" (MPa)

conclusions drawn from this study was not affected by this
simplification, and the comparative purpose of tunnel
responses at different conditions were achieved.

Soil stratum was simulated by 10 nodded tetrahedron
elements, retaining wall and existing tunnel were modeled
by plate elements. Moreover, horizontal props, crown and
waist beams were simulated by beam elements. The mesh
size was halved until the computed tunnel responses was
not affected by the mesh density. This three-dimensional
mesh consisted of 102099 elements and elements and
150641 nodes. By using a computer with a ram memory of
32 GB, a numerical run took about two hours.

Impermeable interfaces were applied to the retaining
wall and existing tunnel to ensure no leakage during
basement excavation. In order to simulate the behaviors of
the soil-structure interaction, positive and negative
interfaces were applied to the tunnel and retaining wall. To
obtain a reasonable estimation of tunnel responses due to
adjacent or above basement excavations, the mesh density
was refined at the location of the retaining wall and tunnel.
Pin supports were applied to the four vertical sides of the
finite element mesh, while pin supports were applied to the
bottom of the mesh.

2.3 Constitutive model and model parameters

It is well-known that soil stiffness depends on stress and
strain levels. In literature, basement excavation-induced
shear strain in the soil commonly varied from 0.01% to
0.1% (e.g., Atkinson ef al. 1990, Powrie ef al. 1998, Chen et
al. 2022). For soil strain within small strain level, soil
stiffness decreased rapidly as an increase in the shear strain.
Simple constitutive models (Mohr-Column and Cam-clay
models) could not effectively capture the small strain soil
stiffness, causing inaccurate prediction of ground and tunnel
responses due to basement excavation. Thus, it is crucial to
consider small strain soil stiffness in the analysis of
basement-tunnel interaction. Since hardening soil model
with small-strain stiffness (HSS) had the ability to model
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small strain soil stiffness, this model was widely used to
predict ground and structure responses due to basement and
tunnel excavations.

In this study, an advanced constitutive soil model,
namely hardening soil model with small strain stiffness
(HSS), was used to simulate nonlinear soil behaviors. The
governing soil parameters of the HSS model included soil

ref

secant modulus ( Ey ), tangent oedometric modulus ( E

ref
oed /o

unloading-reloading modulus ( EX" ), modulus stress related

power exponent (m), initial shear modulus ( G ), shear
strain corresponding to initial shear modulus ( y,, ), and

strength parameters (c' and ¢'). Based on the Plaxis user
manual (Brinkgreve and Broere 2004), the secant modulus
was equal to one-dimensional compression modulus (£j),
Tangent oedometric modulus was about 1.0~1.2 times of
secant modulus, and unloading-reloading modulus was
about 6-8 times of secant modulus. With known the one-
dimensional compression modulus, other stiffness
parameters could be determined.

By conducting one-dimensional compression test, the
compression modulus of soil was obtained. Moreover,
triaxial consolidated undrained tests were conducted to
obtained strength parameters of soft clay and cemented
clay. By using the relationships between compression
modulus and other stiffness parameters suggested by Plaxis
user manual, all the stiffness parameters of soft and
cemented clays were obtained. Then, triaxial test results
were used to verify all the stiffness parameters again. All
the soil parameters of HSS model were summarized in
Table 3.

Elastic model was used to simulate the behaviors of
tunnel lining, retaining wall, internal props. The concrete
grades of tunnel lining, retaining wall and internal props
were C50, C35 and C30, corresponding to Young’s moduli
of 34.5, 31.5 and 30 GPa, respectively. The unit weight and
Poisson’s ratio of concrete were 25 kN/m?® and 0.2,
respectively. For the basement with a final excavation depth
of 12 m, three levels of horizontal props made of concrete
were designed with vertical and horizontal spacings of 3.5
and 8.0 m, respectively. The cross section of the first level
of horizontal prop was 700 x 700 mm, while it was
800x1200 mm for both second and third levels of horizontal

props.
2.4 Numerical modelling procedures

The numerical modelling procedures adopted in this
study were the same as that in field. The key modelling
procedures were listed as follows:

(1) The initial soil stress state was established by
assuming K condition, where Ky was calculated by 1-sing',
where @' was internal frictional angle of soil at the critical
state.

(2) Constructions of shield tunnel and retaining wall
were modelled by activating the corresponding plate
elements, respectively.

(3) Basement excavation was simulated in four
consecutive steps. The ground water level was dewatered
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Fig. 3 Effects of basement length on tunnel responses
along the transverse direction

to 1.5 m, 5.0 m, 8.5 m and 12.0 m below ground surface,
respectively.

(4) As long as the ground water level was dewatered to
the target level, the above soil was removed to simulated
basement excavation.

(5) After each soil layer was removed, the horizontal
props were installed at 1.0 m above the excavation level.

(6) Upon completion of basement excavation, concrete
base slab was simulated by activating the corresponding
plate elements.

3. Effect of basement geometry on deformation
mechanisms of an existing tunnel located at a side
of basement

3.1 Effects of basement length on tunnel responses

3.1.1 Movements of tunnel along its transverse
direction

Fig. 3(a) shows the effects of basement length on tunnel
settlement at basement centerline. Positive and negative
values denote heave and settlements, respectively. Because
of stress relief caused by basement excavation, settlements
are observed in the existing tunnel located at the side of the
basement. @ is the central angle started from tunnel crown at
an anticlockwise direction (i.e., details refer to the
schematic diagram shown in Fig. 3). For a given normalized
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basement length (L/H.), tunnel settlement increases firstly
followed by a slight decrease as an increase in the angle 6
(i.e., from tunnel crown to spingling and invert). Since the
left springling of existing tunnel is located closest to
basement, tunnel settlement at this location is greatest. In
contrary, tunnel settlement at the right springline is smallest
since this location is the most far away from the basement.

Fig. 3(b) shows the effects of basement length on
horizontal movement of existing tunnel along the basement
centerline. Negative value denote tunnel moves toward
basement, while positive value denote tunnel moves far
away from basement. As a result of basement excavation,
the existing tunnel moves toward basement. By increasing
the angle 6, horizontal movements of existing tunnel also
increase first followed by a slight decrease. But the greatest
and smaller horizontal movements of tunnel lining are
located at the tunnel crown and invert, respectively.

By increasing the normalized basement length (L/H.)
from 2.0 to 10.0, the maximum settlement and horizontal
movement of existing tunnel due to adjacent basement
excavation are always located at the left springline and
crown, respectively. Thus, much more attention should be
paid to left springline and crown for basement constructed
at a side of an existing tunnel.

3.1.2 Movements of tunnel along its longitudinal
direction

Fig. 4 shows the effects of basement length on
settlement and horizontal movements of tunnel along its
longitudinal direction. All the tunnel settlement (J,),
horizontal movement (J;) and distance from tunnel
centerline (X) are normalized by the final excavation depth
(H.). As expected, settlement and horizontal movement of
tunnel due to adjacent basement excavation are symmetrical
with respect to basement centerline. As an increase in the
normalized distance from basement centerline, a rapid
decrease in the settlement and horizontal movements of
tunnel is observed. For basement excavated at 1.0 D away
from the existing tunnel, basement excavation induced
maximum tunnel settlements are 0.010% H., 0.024% H.,
0.037% H., 0.048% H. and 0.055% H., respectively, when
the normalized basement lengths are 2.0, 4.0, 6.0, 8.0 and
10.0. Moreover, basement excavation-induced maximum
horizontal movements in the existing tunnel are 0.020% H.,
0.041% H., 0.055% H., 0.065% H. and 0.072% H.,
respectively.

In following section, only the maximum tunnel
responses at basement centerline are presented. Fig. 5
shows the maximum settlement and horizontal movement
of existing tunnel due to adjacent basement excavation.
Obviously, more stress relief within basement is occurred as
an increase in basement length. Accordingly, maximum
tunnel responses increase with the excavation length. The
maximum settlement and horizontal movement increase as
the normalized basement varies from 2 to 10, but at a
reduced rate. If basement length is long enough, the
basement-tunnel interaction at the basement centerline is
close to plane strain condition.
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Fig. 4 Effects of basement length on tunnel responses
along the longitudinal direction
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Fig. 5 Maximum settlement and horizontal movement of
existing tunnel due to adjacent basement excavation with
different excavation lengths

By increasing the normalized excavation length from
2.0 to 10.0, basement excavation-induced maximum
settlement and horizontal movement in the existing tunnel
increase by 4.3-4.5 and 2.4-2.6 times, respectively. For the
model geometry considered in this study, excavation-
induced maximum settlement and horizontal movement in
the existing tunnel do not reach stable values even the
normalized excavation length is larger than 10. By keeping
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increasing the basement length, the basement-tunnel
interaction at the basement centerline can reach the plane
strain  condition. Thus, settlement and horizontal
movements of tunnel due to adjacent basement excavation
with a short length (L/H. = 2) are overestimated by up to 4.3
and 2.4 times if the basement-tunnel interaction is assumed
as a plane strain condition. In other words, assumption of
plane strain condition of basement-tunnel interaction
grossly overestimates tunnel response, especially for
basement with a relatively short length.

For tunnel located closer to basement, it suffers much
larger stress relief, causing much larger tunnel movements.
As the clear distance between the existing tunnel and
retaining wall increases from 0.5 to 1.0, the maximum
tunnel settlement and horizontal movement decrease by 4.8-
6.5% and 13.0-16.1%, respectively. To ensure the
serviceability and safety of the existing tunnel, the clear
distance between the tunnel and basement should be strictly
controlled in practice.

Field measurement is used to verify the computed
results. Li et al. (2018) monitored settlement of an existing
tunnel due to adjacent basement excavation. In this site, a
basement with a final excavation depth of 18.6 m and a
normalized excavation length of 11 was constructed at a
clear distance of 1.3 D away from an existing tunnel.
Because of basement excavation, a maximum settlement of
0.054% H. is observed at the adjacent tunnel. Note that the
measured maximum tunnel settlement is slightly smaller
than the computed value of tunnel located at 1 D away from
the basement. The discrepancies between the measured and
computed results are probably due to different soil stratum
and retaining structure. In general, the computed tunnel
movements are comparable to the measured results. It
implies that the soil model and model parameters used in
this study are reasonable.

3.2 Effects of excavation width on tunnel responses

Fig. 6 shows the effects of basement width on tunnel
responses at the basement centerline. For the basement
widths considered in this study, locations of the maximum
tunnel responses are the same as that shown in Fig. 3. The
maximum and minimum tunnel settlements are located at
the left and right springlines, respectively. Moreover, the
greatest and smallest horizontal movements are induced at
the tunnel crown and invert, respectively. It is indicated that
the maximum elongation and compression of the tunnel
lining is independent of basement geometry. For basement
excavated at a side of an existing tunnel, much more
attention should be paid to settlement at the tunnel crown
and horizontal movement at the springline located closer to
the basement.

As shown in Fig. 4, the maximum tunnel responses are
observed along the basement centerline. Thus, only the
maximum tunnel responses along the basement centerline
are presented in following section. Fig. 7 shows variations
of the maximum settlement and horizontal movements of
existing tunnel due to adjacent basement excavation. At a
given excavation length and a clear distance between the
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Fig. 7 Maximum settlement and horizontal movement of
existing tunnel due to adjacent basement excavation with
different excavation widths

tunnel and basement, the maximum tunnel responses due to
basement excavation increase with excavation width, but at
a reduced rate. For the existing tunnel located 1.0 D away
from the basement, basement excavation-induced maximum
tunnel settlements are 0.010% H., 0.017% H., 0.019% H.,
0.020% H. and 0.021% H., respectively, when the
normalized basement lengths are 2.0, 4.0, 6.0, 8.0 and 10.0.
Moreover, basement excavation-induced maximum
horizontal movements in the existing tunnel are 0.020% H_,
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0.030% H., 0.034% H., 0.036% H. and 0.037% H.
respectively. When the normalized basement width is larger
than 8, basement excavation-induced tunnel responses reach
stable values. As an increase in the basement width, three-
dimensional effects on constraining soil and retaining wall
deformations are gradually reduced. Consequently, soil
behind the retaining wall has less resistances to slide into
basement, causing much larger tunnel movements.

As the normalized basement width (B/H.) increases
from 2.0 to 1.0, basement excavation-induced maximum
settlement and horizontal movement of existing tunnel
increase by 100-110% and 77-85%, respectively. However,
the increases in tunnel settlement and horizontal movement
are up to 450% and 260%, respectively, when the
normalized basement length (L/H.) increases from 2.0 to
1.0. Obviously, the effects of basement length on tunnel
responses are much more prominent than basement width.
If possible, designers should reduce basement length along
the longitudinal direction to ensure the serviceability of
existing tunnels. During the construction of basement
excavation, installation of partition walls can divide a long
basement into several short basements with small basement
length. Moreover, stagged excavation technique is
suggested to reduce basement excavation-induced adverse
effects on adjacent tunnels.

4. Effect of excavation geometry on deformation
mechanisms of an existing tunnel located
underneath basement centerline

4.1 Maximum tunnel heave

Fig. 8 shows the maximum heave induced in the
existing tunnel due to basement excavation with different
geometries. The maximum tunnel settlement, basement
length and basement width are normalized by the final
excavation depth. As expected, the maximum heave
induced in the tunnel increases with the basement length.
For tunnel cover to diameter ratio (C/D) of 2.5 and
normalized excavation length (L/H.) of 10, the maximum
tunnel heave increases by 39% as the normalized basement
width (B/H,) varies from 2.0 to 3.0. By further increasing
the basement width (B) to 5.0 H,., the maximum tunnel
heave only increases by 4.2%. For the normalized basement
widths of 2.0, 3.0 and 5.0, the maximum tunnel heaves due
to basement excavation increases by 110%, 160% and
186%, respectively, when the normalized basement length
varies from 1.0 to 10.0. Obviously, the tunnel heave due to
overlying basement excavation is more sensitive to
basement length rather than basement width. Note that the
tunnel heave exceeds allowable movement limit (i.e., 10
mm given by Liu et al. (2011)), countermeasures such as jet
grouting and anti-uplift piles are suggested to alleviate
basement excavation-induced adverse effects.

When the normalized excavation length (L/H.) reaches
8.0, the tunnel heave reaches stable values. It implies that
the basement-tunnel interaction along the basement
centerline reaches plane strain condition when the
normalized basement length is larger than 8.0. Thus, tunnel
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Fig. 8 Effects of basement geometry on maximum tunnel
heave

heave is expected to be overestimated by 1.1-1.9 times if a
short basement (L/H.=2) is assumed as plane strain
condition. It is indicated that again plane strain assumption
of basement-tunnel interaction can grossly overestimated
tunnel heave due to basement excavation. A real three-
dimensional numerical analysis is required to obtain a
reasonable estimation of the maximum tunnel heave due to
basement excavation in clay.

By conducting field study, Zhang et al. (2012) and Wen
(2010) monitored the tunnel heave due to overlying
basement excavation in soft clay. In those two studies,
basements are constructed directly above existing tunnels
with cover depth to diameter ratios (C/D) of 2.30 and 2.42.

The normalized width of these two basements is larger
than 5, and the normalized basement lengths are 5.5 and
5.6, respectively. Upon completion of the basement
excavation, the measured maximum tunnel heaves are
0.139% H. ad 0.134% H., respectively. As shown in Figure
8(a), the field measurements are in a good agreement with
the computed results, indicating that the soil model and
model parameters adopted in this study are reasonable.

When the normalized basement widths (B/H,) are 2.0,
3.0 and 5.0, basement excavation-induced maximum heaves
in shallowly buried tunnel (C/D = 2.5) are 41.0%, 36.0%
and 26.0% larger than that of deeply buried tunnel (C/D =
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Fig. 9 Effects of basement geometry on maximum tensile
strain of tunnel along its longitudinal direction

3.0). This is because shear stiffness of soil surrounding a
deep tunnel is much larger than that surrounding a shallow
tunnel. At a given vertical stress relief, large soil stiffness
causes small soil and tunnel movements.

4.2 Maximum tensile strain of tunnel along its
longitudinal direction

Fig. 9 shows the effects of basement geometry on
maximum tensile strain of tunnel along its longitudinal
direction. As the normalized basement length (L/H.)
increases from 2 to 4, a clear increase in the maximum
tensile strain of tunnel along its longitudinal direction is
observed. By further increasing the normalized basement
length (L/H.), the maximum tensile strain induced in the
existing tunnel decreases dramatically. When the basement
length reaches 10 times of the final excavation depth,
tensile strain induced in the tunnel along the basement
centerline is close to zero. For plane strain assumption of
basement-tunnel interaction, there is no any tensile strain of
tunnel along its longitudinal direction. Thus, the basement-
tunnel interaction at the basement centerline cannot
simplified as a plane strain condition unless the normalized
basement length is larger than 10.

As an increase in the basement width, basement
excavation-induced tensile strain in the tunnel is also

increased, but at a reduced rate. For tunnel with cover depth
to diameter ratios (C/D) of 2.5 and 3.0, the maximum
tensile strains of tunnel along its longitudinal direction
increase by 59.8% and 99.5%, respectively, when the
normalized basement width increases from 2.0 to 5.0.

When tunnel cover to diameter ratio is 2.5, basement
excavation-induced maximum tensile strains in the tunnel
are 43.5, 63.6 and 69.6 pe, respectively, for normalized
basement widths (B/H.) of 2.0, 3.0 and 5.0. For basement
with a relatively short length, excavation-induced tensile
strain in the existing tunnel cannot be ignored. By
increasing tunnel cover to diameter ratio from 2.5 to 3.0,
basement excavation-induced maximum tensile strain in the
tunnel decreases by 30.9%-44.5%. This is because soil
surrounding a deeper tunnel has larger stress and stiffness.
At a given vertical stress relief, soil heave surrounding a
deeper tunnel is expected to be smaller, resulting in smaller
tunnel heave.

7. Conclusions

In this study, deformation mechanisms of an existing tunnel
due to adjacent and overlying basement excavations in soft
clay are explored by three-dimensional numerical analyses.
Based on the computed results, the major conclusions are
drawn as follows:

(1) For basement excavated at a side of an existing tunnel, the
tunnel moves downward and toward to basement. The
maximum elongation and compression of tunnel lining are
always located at the springline closer to basement and crown,
regardless of basement geometry.

(2) As basement width increases by 5 times, excavation-
induced maximum settlement, horizontal movement in
adjacent tunnel and heave of underlying tunnel increases by
110%, 85% and 41%, respectively. Moreover, the maximum
settlement, horizontal movement of adjacent tunnel and heave
of underlying tunnel increases by 450%, 260% and 186%,
respectively, as the basement length increases by 5 times. It is
indicated that tunnel responses due to adjacent and overlying
basement excavations are more sensitive to basement length.
(3) For basement excavated at a side of an existing tunnel,
excavation-induced maximum tunnel settlement and
horizontal movement decrease by 4.8-6.5% and 13.0-
16.1%, respectively, as the clear distance between the
tunnel and retaining wall increase from 0.5 to 1.0. For
basement excavated above an existing tunnel, the maximum
heave and tensile strain of tunnel are reduced by up to
41.0% and 44.5%, respectively, as tunnel cover to diameter
ratio varies from 2.5 to 3.0.

(4) As an increase in basement length or width, tunnel
deformations along basement centreline gradually reach stable
values. When the normalized basement length is 10,
excavation induced settlement and horizontal movement in
adjacent tunnel become stable. Moreover, the tunnel heave due
to overlying basement excavation become stable when the
normalized basement length reaches 8.

(5) By simplifying a short basement as a plane strain problem,
excavation-induced  maximum  settlement,  horizontal
movement of an adjacent tunnel and heave of underlying
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tunnel are overestimated as high as 450%, 260% and 186%,
respectively. If excavation length does not exceed 8 H. (final
excavation depth), the assumption of plane strain condition of
basement-tunnel interaction grossly overestimates tunnel
movements, and ignores tensile strain of tunnel along its
longitudinal direction.
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