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ABSTRACT: Basement excavation inevitably causes stress changes in the ground leading to
soil movements which may affect the serviceability and safety of adjacent tunnels. Despite
paying much attention to the basement-tunnel interaction, previous research has mainly
focused on the influence of tunnel location in relation to the basement, tunnel stiffness and
excavation geometry. The effects of sand density and basement wall stiffness on nearby
tunnels due to excavation, however, have so far been neglected. A series of three-dimensional
centrifuge tests were thus carried out in this study to investigate these effects on the complex
basement-tunnel interaction. Moreover, three-dimensional numerical analyses and a
parametric study by adopting hypoplastic sand model were conducted to improve the
fundamental understanding of this complex problem and calculation charts were developed as
a design tool. When the basement was constructed directly above the existing tunnel,
excavation-induced heave and strain were more sensitive to a change in soil density in the
transverse direction than that in the longitudinal direction of the tunnel. Because a looser sand
possesses smaller soil stiffness around the tunnel, the maximum tunnel elongation and
transverse tensile strain increased by more than 20% as the relative sand density decreased by
25%. Moreover, the tensile strain induced along the longitudinal direction was insensitive to
the stiffness of the retaining wall, but that induced along the transverse direction was
significantly reduced by a stiff wall. When the basement was constructed at the side of the
existing tunnel, the use of a diaphragm wall reduced the maximum settlements and tensile
strains induced in the tunnel by up to 22% and 58%, respectively, compared with the use of a
sheet pile wall. Under the same soil density and wall stiffness, excavation induced maximum
movement and tensile strains in the tunnel located at a side of basement were about 30% of
the measured values in the tunnel located directly beneath basement centre.

KEYWORDS: three-dimensional responses, basement excavation, tunnel, sand density,

retaining wall stiffness, calculation chart
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INTRODUCTION

With an increasing demand for new infrastructures in congested urban cities,
underground constructions such as deep excavations have become commonplace. For public
convenience, basement excavations for shopping malls and/or car parks are done very close
to existing tunnels (within a distance of 0.5 times the tunnel diameter as reported by Burford
(1988) and Liu et al. (2011)). But any basement excavations cause stress changes in the
ground leading to soil movements which may in turn induce unacceptable deformations and
stress changes in adjacent tunnels.

To evaluate the basement-tunnel interaction, several researchers simplified it as a plane
strain problem (Dolezalova, 2001; Sharma et al., 2001; Hu et al., 2003; Karki, 2006; Zheng
and Wei, 2008). Sharma et al. (2001) conducted a two-dimensional numerical analysis to
investigate tunnel deformation due to adjacent basement excavation. They found that tunnel
deformation decreased with an increase in lining stiffness. Zheng and Wei (2008) carried out
a plane strain numerical parametric study to investigate tunnel deformation and stress
redistribution around the tunnel lining due to basement excavation. They found that the
tunnel deformation mode was closely related to the distance between the tunnel and the
retaining wall. Other researchers have shown that movement and bending moment are
induced in a tunnel not only along its transverse direction but also along its longitudinal
direction as a result of basement excavation (Lo and Ramsay, 1991; Chang et al., 2001;
Meguid et al., 2002; Huang et al., 2012, 2013; Ng et al., 2013b; Shi et al., 2015). Due to
corner effects in a short and narrow excavation, it is expected that excavation induced tunnel
responses at basement centre would be different from those under the plane strain condition.
By conducting a numerical parametric study, Shi et al (2015) investigated three-dimensional

tunnel heave and tensile strain to overlying basement excavation. Influence of excavation
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geometry, sand density, tunnel stiffness and joint stiffness on the basement-tunnel interaction
was explored.

Huang et al. (2012) carried out a series of three-dimensional centrifuge tests in Shanghai
soft clay to investigate the effect of the cover-to-diameter ratio (C/D) on a tunnel’s responses
to overlying basement excavation. The measured maximum tunnel heave was found to
decrease exponentially with an increase in the C/D ratio. However, they did not measure the
bending moments in the tunnel along its longitudinal direction. Huang et al. (2013) conducted
a three-dimensional numerical parametric study to investigate the basement-tunnel interaction
using the Hardening Soil model to simulate soil responses. It is well-known that soil stiffness
is not only strain dependent but also stress path dependent (e.g., Atkinson et al., 1990; Powrie
et al., 1998), but the HS model is unable to capture their effects on soil stiffness.

Ng et al. (2013b) conducted two three-dimensional centrifuge tests in sand to investigate
the influence of basement excavation on an existing tunnel located in either of two horizontal
offsets in relation to the basement. Basement excavations were carried out in medium-dense
sand with relative densities of 68% and 69%. A maximum heave of 0.07% He (final
excavation depth) and settlement of 0.014% He were induced in the tunnel when the
basement was excavated directly above the tunnel and when it was constructed at the side of
the tunnel, respectively. Vertical elongation was induced in the tunnel in the former case,
while distortion was observed in the tunnel in the latter case. An inspection of the measured
strains in the tunnel along its longitudinal direction revealed that the inflection point, i.e. the
point where the shear force was at a maximum, was located 0.8 L (basement length) away
from the basement centre.

Despite paying much attention to the basement-tunnel interaction, previous studies have
mainly focused on the influence of tunnel location in relation to the basement, and the effects

of excavation geometry and tunnel stiffness. The effects of strain and stress path
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dependencies on soil stiffness, however, were often not considered. As the sand density is
reduced, vertical stress relief at the formation level of the basement and soil stiffness around
the tunnel decrease simultaneously. But tunnel responses dominated by reduced stress relief
or soil stiffness were not clear. By collecting 300 case histories, Wang et al. (2010) found that
the mean values of the maximum lateral movement of a sheet pile wall and a diaphragm wall
as a result of basement excavation were 1.5% H and 0.27 % H, respectively, where H was
excavation depth. Thus, the responses of a tunnel located behind a retaining wall may be
significantly affected by wall flexural stiffness.

This paper is a continuation of a previous paper (Ng et al., 2013b) and considers the
influence of sand density and retaining wall stiffness on three-dimensional responses of a
tunnel to basement excavation. Four three-dimensional centrifuge tests were thus designed
and conducted to investigate these effects on the basement-tunnel interaction. In addition,
three-dimensional numerical back-analyses were carried out to enhance the fundamental
understanding of stress transfer mechanisms and soil stiffness around the tunnel. Moreover, a
three-dimensional numerical parametric study was conducted to determine the effects of wall
stiffness on the complex interaction. To capture the effects of strain and stress path
dependencies on soil stiffness, an advanced constitutive model, namely the hypoplastic sand

model, was adopted in the numerical analyses.

THREE-DIMENSIONAL CENTRIFUGE MODELLING
Experimental program and set-up

Four three-dimensional centrifuge tests were designed and conducted at the
Geotechnical Centrifuge Facility of the Hong Kong University of Science and Technology.
The 400 g-ton centrifuge has an arm radius of 4.2 m (Ng et al., 2001, 2002). In order to have

enough space for installing instruments (i.e., potentiometer and strain gauge) inside the tunnel



137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

lining, the diameter of the model tunnel cannot be too small. By considering boundary
conditions of entire model package, the model tunnel with a diameter of 100 mm was adopted
in this study. In order to simulate tunnels commonly constructed in many urban cities such as
Taipei, London and Shanghai (e.g., Chang et al., 2001; Mohamad et al., 2010; Sun et al.,
2012; Wang et al.,, 2014), 60 g (i.e., gravitational acceleration) was chosen to give a
corresponding 6 m diameter (in prototype) tunnels. The dimensions of soil were 1245 mm
(length) x 990 mm (width) x 750 mm (depth). According to the relevant scaling laws
summarised in Table 1 (Taylor, 1995), the dimensions of the soil stratum were equivalent to
74.7 m (length), 59.4 m (width) and 45.0 m (depth) in prototype.

Due to time and budget constraints, it is not realistic to conduct centrifuge tests for every
case. For a tunnel located directly underneath basement centre, centrifuge tests were designed
and carried out to investigate the influence of sand density on the basement-tunnel interaction.
On the other hand, numerical parametric study was conducted to explore the influence of wall
stiffness on tunnel responses by overlying excavation, instead of carrying out centrifuge
model tests.

For a tunnel located at a side of basement, excavation induced tunnel responses were
negligible when a diaphragm wall was used as the retaining system (Ng et al., 2013b). In
order to explore tunnel responses when a less stiff retaining system was adopted, one test was
designed to use a sheet pile wall. Similarly, numerical parametric study was decided and
carried out to investigate the effects of sand density to save time and budget. Detailed
measurements in the tests are presented in following sections.

Figure 1 shows a plan view of the centrifuge model. The model wall and tunnel were
assumed to be wished-in-place in each test. A square excavation (on plan) with a side length
of 300 mm (18 m in prototype) was carried out. In the four tests, the distance between the

model wall and the boundary of the container was no less than 2.2 times the final excavation
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depth (2.2 He), which was larger than the influence zone (i.e., 2 He) of ground settlement
behind the retaining wall identified by Peck (1969) for basement excavation in sand. Tests
CD51 and CD68 (with relative sand densities of 51% and 68%, respectively) were designed
to investigate the effects of soil density on the basement-tunnel interaction when the
basement was excavated directly above the tunnel. The diaphragm wall (DW) and the sheet
pile wall (SW) are both typical retaining systems for basement excavation. The sheet pile
wall is used to support basements worldwide provided the final excavation depth is less than
12 m (e.g., Hsieh and Ou, 1998; Long, 2001; Wang et al., 2010). In Tests CD51, CD68 and
SD69, the diaphragm wall was used as the retaining system, while the sheet pile wall was
installed to support the basement in Test SS70. By comparing soil and tunnel responses in
Tests SD69 and SS70, the effects of retaining wall stiffness on the basement-tunnel
interaction were explored. In these two tests, the model tunnel was located at the side of the
basement with a clear distance between its springline and the basement of 25 mm (1.5 m in
prototype). Note that the measured results of Tests CD68 and SD69 have been reported by
Ng et al. (2013b). A summary of the four centrifuge tests is given in Table 2.

Figures 2a & b show elevation views of the centrifuge model. The final excavation
depth (He) was 150 mm, corresponding to 9 m in prototype. The wall penetration depth in
model scale was 75 mm which was half the final excavation depth and exceeded the clear
distance between the tunnel crown and the formation level of the basement (50 mm). Thus,
two arches were made in the walls to accommodate the tunnel in Tests CD51 and CD68 (see
Fig. 2b). The clear distance between the tunnel crown and the arches was 20 mm which was
equivalent to 1.2 m in prototype. Such set-ups have been reported by several researchers (e.g.,
Liu et al.,, 2011; Huang et al., 2012, 2013; Ng et al., 2013b). In this study, basement
excavation was simulated by draining away heavy fluid (ZnCl,). Because of its simplicity,

heavy fluid is commonly used to simulate the effects of excavation by draining the fluid away
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in-flight (e.g., Bolton and Powrie, 1988; Leung et al., 2001, 2003; Zheng et al., 2012). By
doing so, in-situ horizontal stress may not be simulated correctly if the coefficient of earth
pressure at rest (Ko) is not equal to 1. For the tests reported in this paper, Ko of sand was
estimated as 0.5 by using the equation proposed by Jaky (1944). Thus, the horizontal stress
acting on retaining wall was over released in this study. However, this over relaxation should
not affect major conclusions drawn from this study. This is because the effects of excavation
on an existing tunnel located below it should be governed mainly by the vertical stress rather
than the horizontal stress relief. The excavation proceeded in three stages where a depth of 50
mm (3 m in prototype) was excavated in each stage. The diameter and initial cover depth of
the model tunnel were 100 and 200 mm (6 and 12 m respectively in prototype), giving a
tunnel cover-to-diameter ratio (C/D) of 2. The distance from the tunnel invert to the bottom

of the model box was 0.45 m (4.5 D) which was equivalent to 27 m in prototype.

Model wall and tunnel

In all tests, the model wall and tunnel were made from single sheets and a tube of
aluminium alloy, respectively. The influence of joints in the wall and the tunnel was beyond
the scope of this study. In Tests CD51, CD68 and SD69, the aluminium sheets were 12.7 mm
thick and were equivalent to 0.96 m thick concrete walls in prototype, assuming Young’s
modulus (Econcrete) Of concrete of 35 GPa. On the other hand, 4 mm thick aluminium sheets
were used to simulate a typical U-type sheet pile wall (i.e., type NSP Il with moment of
inertia of 3.24 x 10 m*m in prototype) in Test SS70. The flexural stiffness (Ewlw) of the
diaphragm wall was 32 times that of the sheet pile wall.

The model tunnel was 1200 mm long, 100 mm wide and 3 mm thick, corresponding to

72, 6 and 0.18 m in prototype, respectively. At 60 g, it had longitudinal stiffness and
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transverse stiffness equivalent to those of 420 and 230 mm thick concrete slabs (Econcrete = 35

GPa), respectively.

Model preparation

Considering the complexity of the basement-tunnel interaction, dry Toyoura sand was
adopted in the tests for simplicity. Dry Toyoura sand is a uniform fine sand with a mean grain
size (Dso) of 0.17 mm and a specific gravity (Gs) of 2.65 (Ishihara, 1993).

Figure 3a shows the centrifuge model with strain gauge and potentiometer instruments
installed. The pluvial deposition method was used to prepare soil samples. By keeping the
hopper at constant distances of 200 and 500 mm above the sand surface, repeatable relative
sand densities of about 50% and 70% were achieved in the calibration, respectively. The
model tunnel with extension rods was installed once the sand had reached the invert level. An
enlarged base was fixed at the bottom of each extension rod via a screw to increase the
contact area between the rod and the outer surface of the tunnel lining. Each extension rod
was protected by a hollow tube from the surrounding sand to minimise friction and was
connected to a linear variable differential transformer (LVDT) core. A structural frame was
used to temporarily support the retaining wall until pluvial deposition was completed. A
flexible rubber bag was placed inside the basement to contain the heavy fluid (ZnCl>) used to
simulate the effects of basement excavation. After pluvial deposition, the average sand
densities in Tests CD51, CD68, SD69 and SS70 were 1486, 1542, 1546 and 1548 kg/m?,
corresponding to relative densities (Dr) of 51%, 68%, 69% and 70%, respectively. In Test
CD51, the density of heavy fluid (ZnCl,) placed inside basement was 1486 kg/m?, while it

was 1544 kg/m? in Tests CD68, SD69 and SS70.

Instrumentation
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The vertical displacements of the tunnel along its longitudinal direction were monitored
by the LVDTs together with extension rods installed at the crown (see Fig. 3a). For Tests
CD51 and CD68 (in which the basement was excavated directly above the tunnel), three
holes were made in the bottom of the rubber bags into which extension rods were inserted.
Any gaps were sealed to prevent leakage of the heavy fluid.

Full-bridge strain gauges for temperature compensation were installed to measure
bending moments induced in the tunnel not only along its transverse direction but also along
its longitudinal direction. Semiconductor strain gauges (SSGs) were mounted on the outer
surfaces of the tunnel to measure bending moments along the longitudinal tunnel direction.
Along the tunnel crown and invert, 23 sets of SSGs were mounted at a spacing of 50 mm.
Moreover, seven sets of SSGs were mounted along the springline at a spacing ranging from
60 to 80 mm. Conventional foil gauges (CFGs) were mounted on the outer and inner surfaces
of the tunnel lining to measure bending moments along the transverse direction (i.e., S1 and
S2). Sections S1 and S2 were located directly beneath and 100 mm (i.e., 0.33 L) away from
the basement centre, respectively. In each monitoring section, eight sets of CFGs were
mounted evenly at an interval of 45° around the circumference of the tunnel lining. Based on
the measured bending moments and flexural stiffness of the model tunnel, induced strains in
the tunnel along its longitudinal and transverse directions could be readily deduced by beam
theory.

By installing four potentiometers inside tunnel lining, any increases or decreases in
tunnel diameters could be measured in section S1 (i.e., directly beneath the basement centre).
As shown in Figs. 3b and 3c, four linear potentiometers were fixed onto an aluminium plate
connected to a supporting frame. This lightweight frame was mounted to the lining of
existing tunnel using screws. The linear potentiometer is a variable resistor connected to three

leads. Two leads are connected to hoth ends of the resistor, thus the resistance between them
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is fixed. Another lead is connected to a slider which can travel along the resistor. Accordingly,
the resistance between the slider and the other two connections is varied. Any change in
tunnel diameter is captured by the travel of the slider, which in turn alters the resistance of a
potentiometer (Todd, 1975). By measuring the voltage between the slider and end of resistor,
the travel distance of the slider (i.e., a change in tunnel diameter) can be calibrated and
determined. Based on the analysis of measured data before the commencement of basement
excavation, the accuracy of each potentiometer was estimated to be =1 mm in prototype scale
(Ng et al.,, 2013a). Two Druck PDCR-81 miniature pore pressure transducers were
submerged in heavy fluid (ZnCl2) to monitor the excavation depth. Moreover, one video

camera was installed to record the entire test process.

Centrifuge testing procedure

Once the centrifuge model had been set up and following a final check, the model
container was transferred to one of the centrifuge arms. Then the centrifuge was gradually
spun up to 60 g. As soon as readings from the transducers had stabilised, the effects of
basement excavation were simulated by draining away the heavy fluid (ZnCl;) from the
flexible rubber bag. Based on measurements from the pore pressure transducers submerged in
the heavy fluid, three excavation stages were simulated in a sequential manner. The

centrifuge was then spun down to 1 g until readings from all transducers again became stable.

THREE-DIMENSIONAL NUMERICAL ANALYSIS

To enhance the fundamental understanding of stress transfer and soil stiffness around the
existing tunnel, three-dimensional numerical back-analyses of the four centrifuge tests were
carried out using the software package ABAQUS (Hibbitt et al., 2008). A numerical

parametric study was conducted to determine the effects of wall stiffness on the basement-
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tunnel interaction when the basement was constructed directly above the tunnel. For the case
when the relative density of sand was 68%, five retaining systems (i.e., a sheet pile wall, 0.6,
0.96 and 1.5 m thick diaphragm walls and a rigid wall) were adopted to evaluate the effects
of wall stiffness on the basement-tunnel interaction. Moreover, two final excavation depths of
9 and 15 m were considered. Correspondingly, the initial cover depths (C) of the tunnel were
2 D (12 m) and 3 D (18 m) respectively in the two scenarios. In all analyses, the clear
distance between the tunnel crown and the formation level of the basement was kept at 0.5 D
(3 m). The ratio between the wall penetration depth and the final excavation depth was taken

as 0.5. A summary of all the numerical simulation parameters is given in Table 3.

Finite element mesh and boundary conditions

Figure 4 shows the three-dimensional finite element mesh used to back-analyse the
centrifuge Test CD68. All dimensions in model scale were identical to those adopted in the
centrifuge test. By conducting a numerical parametric study, the maximum difference of
tunnel responses by adopting linear 8-node cubic (i.e., C3D8) and quadratic 20-node cubic
elements (i.e., C3D20) to simulate soil stratum was within 6%. If C3D20 elements were used
to replace C3D8 elements, the computational time was increased from 2 to 36 hours for each
numerical run. In order to reduce computational time significantly, C3D8 elements were used
to simulate the soil stratum in this study. According a numerical parametric study, the
difference of tunnel responses by using 4-node shell elements (i.e., S4) and linear 8-node
cubic elements (i.e., C3D8) to simulate sheet pile wall was less than 10%. Thus, the solid
elements were selected to model both sheet pile wall and diaphragm wall in this study. Linear
8-node cubic elements (i.e., C3D8) were used to model the sand stratum and the retaining
wall, while the tunnel lining was simulated with 4-node shell elements (i.e., S4). In total, the

entire mesh consisted of 28064 solid elements (i.e., C3D8), 608 shell elements (i.e., S4) and

11
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32896 nodes. By using a laptop computer with a CPU of 3.4 GHz and a ram memory of 8 GB,
it took about two hours to finish a numerical run.

Soil movements were restrained in the x direction in the ABCD and EFGH planes, and
in the y direction in the ABFE and CDHG planes. Moreover, soil movements in the x, y and z
directions were restrained in the ADHE plane. In the numerical parametric study, the cover-
to-tunnel diameter ratio (C/D) was varied from 2.0 to 3.0, corresponding to the final
excavation depth of 9 and 15 m, respectively. For the cases with the final excavation depth of
15 m, the distance between the model wall and the outer boundary of the mesh was kept at
least twice the final excavation depth to minimise boundary effects. By assuming a perfect
contact of soil-structure interface, the computed maximum tunnel heave, longitudinal and
transverse tensile strains were 11%, 12% and 6% smaller than those when interface friction
angle was 20° (i.e., 2/3 ¢'c, frictional angle at the critical state). Thus, a perfect contact of

soil-structure interface was assumed for simplicity.

Constitutive models and model parameters

Sand behaviours were described by a user-defined hypoplastic soil model which was
incorporated in the software package ABAQUS using open-source implementation available
for free download on the web (Gudehus et al., 2008). Hypoplastic constitutive models were
capable of describing nonlinear response of soils. Various hypoplastic models have been
developed in a number of studies (Kolymbas, 1991; Gudehus, 1996; Von Wolffersdorff, 1996;
Wu et al., 1996; Masin, 2012; Masin, 2013; Masin, 2014). The model proposed by Von
Wolffersdorff (1996) was adopted in the present simulation to describe the behaviours of
Toyoura sand. Hypoplasticity is a particular class of soil constitutive models characterised by

the following rate formulation [1]:
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[1] T —f(L: D + &N|D|))

where L is a fourth-order tensor, N is a second-order tensor, D is rate of deformation fs is a
barotropy factor incorporating the dependency of the responses on mean stress level and fq is
a pyknotropy factor including the influence of relative density. In the hypoplastic formulation,
the strain is not divided into elastic and plastic components.

The basic hypoplastic model requires eight material parameters (i.e., ¢, hs, n, €do, €co,
eio,  and ). Parameter ¢'c is angle of internal shearing resistance at critical state, which can
be calibrated using the angle of repose test. Parameters hs and n describe the slope and shape
of limiting void ratio lines, i.e., isotropic normal compression line, critical state line and
minimum void ratio line. Parameters edq, €co and ejo are reference void ratios specifying
positions of those three curves. e and eqo are related to emax (maximum void ratio) and emin
(minimum void ratio) at zero stress level. By using results of oedometric test on loose sand,
parameters hs, n and eco can be calibrated. Parameters eqo and ejo can typically be estimated
using empirical correlations. Parameters o and 3 control the dependency of peak friction
angle and shear stiffness on relative density, respectively. Both of them can be estimated
using triaxial shear test results. More information on model calibration can be found in Herle
and Gudehus (1999).

By considering the intergranular strain concept, Niemunis and Herle (1997) enhanced
the model for predictions of small strain stiffness and recent stress history. The modification
requires five additional parameters, namely mg, mt, R, Br and x. Parameters mgr and mr
control very small strain shear modulus upon 180° and 90° change of strain path direction,
respectively. The size of elastic range in the strain space is specified by parameter R.
Parameters Br and y control the rate of stiffness degradation with strain. For details of

calibration procedure for the intergranular strain concept, see Niemunis and Herle (1997).
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Six parameters of Toyoura sand (¢, hs, n, edo, €co and ejo) were obtained from Herle and
Gudehus (1999), while triaxial test results reported by Maeda and Miura (1999) were used to
calibrate parameters of « and £. According to the measured stiffness degradation curve in the
small strain range of Toyoura sand reported by Yamashita et al. (2000), five parameters
related to the intergranular strain were calibrated. Summary of all the parameters adopted in
the present simulations was in Table 4. The same parameter set has already been successfully
adopted in simulation of centrifuge tests by Ng et al. (2013a; 2013b). By using the equation
proposed by Jaky (1944), the coefficient of at-rest earth pressure of soil (i.e., Ko = 1-sin ¢%)
was estimated to be 0.5. The void ratio of soil was considered as a state variable in the
hypoplastic model. For sand with different relative densities, the hypoplastic model can be
used to evaluate the basement-tunnel interaction with a single set of material parameters. At 1
g conditions, void ratios of 0.78 and 0.72 (corresponding to relative sand density of 51% and
68%) were inputted as initial values in the back analyses of Tests CD51 and CDG68,
respectively.

A linearly elastic model was used to simulate the behaviours of the retaining wall and
tunnel lining with Young’s modulus (Eauminium) Of 70 GPa and a Poisson ratio (v) of 0.2. The

aluminium alloy used for the retaining wall and tunnel lining had a unit weight of 27 kN/m?.

Numerical modelling procedure
The procedures adopted for numerical modelling were identical to those adopted for the
centrifuge test. The exact simulation procedures are as follows:
1. Establish the initial boundary and stress conditions of soil at 1 g (i.e., gravitational
acceleration) by assuming that the coefficient of at-rest earth pressure of soil (Ko) is 0.5.
Then apply equivalent pressures on the wall and the formation level of the basement to

simulate the existence of heavy fluid (ZnCl.) inside the basement.
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2. Increase the gravitational acceleration from 1 g to 60 g for the entire mesh (including soil,
tunnel and retaining wall) in four steps. At each step, increase also the corresponding
lateral and vertical fluid pressures applied on the wall and the formation level of the
basement.

3. Decrease the lateral and vertical fluid pressures applied on the wall and the formation level
of basement simultaneously (i.e., 3 steps in each run) to simulate the effects of basement

excavation.

INTERPRETATION OF MEASURED AND COMPUTED RESULTS

All results are expressed in prototype scale unless stated otherwise.

Vertical displacement at the crown of the tunnel along its longitudinal direction

Figure 5 compares measured and computed vertical displacements at the crown of the
tunnel along its longitudinal direction at the end of basement excavation. Positive and
negative values denote tunnel heave and settlement, respectively. As the LVDT installed at
the basement centre malfunctioned in Test CD68, tunnel heave was not obtained for that
location.

In Tests CD51 and CD68 (in which the basement was excavated directly above the
tunnel), heave was induced in the tunnel along its longitudinal direction due to vertical stress
relief. Upon completion of basement excavation, the measured maximum tunnel heave at the
basement centre was 0.09% He (final excavation depth) when the relative sand density was
51% (CD51). Moreover, the measured maximum tunnel heave in Test CD 68 (with a relative
density of 68%) was 0.07% He. at a distance of 0.2 L (basement length) from the basement
centre. At this location, the tunnel heave in Test CD51 was only 5% larger than that in Test

CD68. LTA (2000) recommended that the maximum tunnel movement be within 15 mm (i.e.,
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0.17% He¢). The maximum tunnel heave induced by basement excavation in this study is
within the proposed allowable limit. The measured tunnel heaves gradually decreased with an
increase in normalised distance from the basement centre. For the given model set-up,
basement excavation exerted an influence on tunnel heave within 1.2 L (basement length)
from the basement centre along the longitudinal direction of the tunnel. It was found that the
measured and computed tunnel heaves in the longitudinal direction increased as the relative
sand density decreased from 68% to 51%. Explanations are given in the next section.

During basement excavation, heave was induced in the soil beneath the basement, while
settlement occurred behind the retaining wall. As shown in Figure 5, settlement was induced
in the existing tunnel located at the side of the basement. For basements supported by sheet
pile (SS70) and diaphragm walls (SD69), the maximum induced tunnel settlements were
0.018% He and 0.014% He, respectively. Note that the maximum tunnel settlement induced in
Test SD 60 was less than 20% of the tunnel heave in Test CD68. Clearly the use of a 0.96 m
thick diaphragm wall led to a 22% smaller maximum tunnel settlement than the use of a sheet
pile wall. This is because a stiffer diaphragm wall can reduce the ground movements behind
it and hence minimise tunnel settlement. The computed tunnel settlement also shows that
tunnel settlement increased with decreasing wall stiffness. However, the profiles of the
computed tunnel settlement were shallower and wider than the measured ones, probably

because the stiffness anisotropy of soil was not properly captured by the constitutive model.

Vertical stress and mobilised shear stiffness of soil along the tunnel crown and invert
To fully understand the increase in tunnel heave with decreasing sand density (Tests
CD51 and CD68), stress and stiffness of soil at the tunnel crown and invert along the

longitudinal direction are compared. Figure 6a shows the computed changes in vertical stress
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at the tunnel crown and invert along the longitudinal direction. Positive and negative values
denote increases and decreases in stress acting on the tunnel lining, respectively.

Along the tunnel crown, the vertical stress of soil beneath the basement was significantly
reduced due to the removal of soil simulated by decreasing the lateral and vertical pressures
applied on the wall and the formation level of the basement. On the contrary, an increase in
vertical stress of up to 68 kPa was observed in the soil underneath the bottom of retaining
wall. As basement excavation proceeded, the entire tunnel moved upward as shown in Fig. 5.
Moreover, ground settlement was induced behind the retaining wall generating downward
friction. Due to a combination of upward tunnel movement and downward wall-soil friction,
stress in the soil between the retaining wall and the model tunnel increased accordingly. At a
distance of 0.2 L (basement length) to 0.7 L behind the retaining wall, a slight increase in soil
stress (less than 5 kPa) was observed at the crown. On the other hand, the vertical stress of
soil beneath the tunnel invert decreased along the longitudinal direction of the tunnel, even at
a distance of 1.0 L behind the retaining wall. This is because the existing tunnel moved
upward during basement excavation resulting in stress reduction at the invert.

At the end of basement excavation, the maximum changes in vertical stress at the tunnel
crown and invert exceeded the allowable limit (i.e., £20 kPa) set by BD (2009). Thus, the
structural integrity of the existing tunnel should be reviewed based on changes in the loading
condition acting on the lining. Cracks or even collapse may be induced in the tunnel,
depending on the magnitude of stress changes surrounding the lining. Along the tunnel crown,
stress changes in the soil behind the retaining wall stayed within the allowable limit.
However, stress changes in the soil at the tunnel invert exceeded the allowable limit at a
distance of less than 0.4 L behind the retaining wall. Note that the maximum vertical stress
relief at the tunnel crown was about five times that at the invert. The large reduction in stress

makes it imperative to review the structural integrity of the existing tunnel, especially at the
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crown. Although the relative sand density in Test CD51 was 25% smaller than that in Test
CD68, vertical stress relief at the tunnel crown and invert in looser soil was about 1% smaller
than that in denser soil as expected.

Figure 6b shows the relationships between the mobilised secant shear stiffness of soil at
the tunnel crown and the normalised distance from the basement centreline. For clarity, the
mobilised shear stiffness of soil at the tunnel invert is not shown in this figure. By taking the
deviatoric stress (q) and shear strain (es) from numerical analyses, the mobilised secant shear
stiffness (g/3es) of soil at a given stage can be obtained. After increasing g-level to 60 g, the
mobilised secant shear stiffness of soil located directly underneath the diaphragm wall was
much larger than that in other regions. This is because compression of the soil between the
tunnel and the retaining wall resulted in higher soil stress in this region. Upon completion of
basement excavation, the mobilised secant shear stiffness of soil beneath the basement was
significantly reduced due to the removal of vertical stress at the tunnel crown (see Fig. 6a)
and accumulative shear strain in soil. Although stress of soil located underneath the bottom of
retaining wall increased as excavation proceeded, the stiffness of soil at this location was
reduced. This is because basement excavation induced further compression of soil underneath
the wall causing significant stiffness degradation. Due to stress relief along the tunnel invert
(see Fig. 6a), the mobilised shear stiffness of soil along the invert decreased during basement
excavation.

Along the tunnel crown, the mobilised secant shear stiffness of soil beneath the
basement in looser sand (CD51) was 35-42% smaller than that in denser sand (CD68) upon
completion of increasing g-level and basement excavation. Moreover, the mobilised shear
stiffness of soil at the tunnel invert in Test CD51 was 33% smaller than that in Test CD68.
However, the differences in stress changes at the tunnel crown and invert were negligible

when relative sand density varied from 68% to 51% (see Fig. 6a). Thus, an increase in tunnel
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heave with decreasing sand density was observed. As the sand density decreased from 68% to
51%, the maximum heave in tunnel increased by about 5%. This indicates that excavation-
induced maximum tunnel heave was not sensitive to a change in sand density from 68% to
51% even though the mobilised shear stiffness of soil was significantly reduced by more than

30% at the crown and invert.

Displacement vectors of soil around the existing tunnel located at the side of the
basement

To improve the understanding of the variation in tunnel settlement with wall stiffness,
displacement vectors of soil around the tunnel located at the side of the basement were
computed. Figure 7 shows the computed displacement vectors of soil around the existing
tunnel and the basement upon completion of excavation. As expected, heave was induced in
the soil beneath the basement due to vertical stress relief. Because the forces on the excavated
side and the retained side were unbalanced, the soil behind the retaining wall moved
downward toward the basement. As shown in the figure, soil settlement was induced around
the existing tunnel except at the right springline and the right knee resulting in tunnel
settlement accordingly. In addition, the soil surrounding the existing tunnel also moved
toward the basement, implying that the tunnel also bent toward the basement during
excavation.

The computed ground movement behind the retaining wall was much more significant
when a sheet pile wall was adopted instead of a 0.96 m thick diaphragm wall. Moreover,
induced heave in the soil beneath the basement increased as the flexural stiffness of the
retaining wall reduced. This is because much more soil was squeezed into the basement and
larger inward wall movement was induced when a sheet pile was used. As the lateral wall

movement of the sheet pile wall was much larger than that of the diaphragm wall, a much
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larger lateral soil movement was observed near the excavated side of retaining wall with a
smaller flexural stiffness. It was also found that soil settlement around the existing tunnel
increased with a reduction in the flexural stiffness of the retaining wall. Correspondingly, a
trend of increasing tunnel settlement with a decrease in wall stiffness could be observed (see
Fig. 5).

The lateral and vertical movements of soil above the formation level and behind
retaining wall decreased significantly when the retaining wall increased in stiffness. For a
tunnel located at any of those locations, adopting a stiff retaining wall should be an effective

way to alleviate the adverse effects of basement excavation.

Changes in tunnel diameter

Figure 8 compares measured and computed changes in tunnel diameter with the
unloading ratio. All the results were taken at section S1which was located directly underneath
basement (see Fig. 2a). The unloading ratio is defined as the excavation depth (H) to the
initial tunnel cover depth (C). Positive and negative values denote elongation and
compression of the tunnel, respectively.

Due to a reduction in vertical stress accompanied by a smaller horizontal stress relief
around the tunnel lining, vertical elongation and horizontal compression were induced in the
tunnel located beneath the basement centre (i.e., section S1 as shown in Fig. 2a). The vertical
elongation and horizontal compression of the tunnel increased with the unloading ratio. Once
basement excavation had ended, the maximum vertical elongation (ADy) and horizontal
compression (ADw) of the tunnel in Test CD51 were measured to be 0.16% D (tunnel
diameter) and 0.20% D, respectively. Moreover, a maximum vertical elongation of 0.13% D
and horizontal compression of 0.16% D were measured in the tunnel in Test CD68. BTS

(2000) recommended that the maximum distortion of a tunnel ((ADv+ADw)/D) was within
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2%. The maximum distortion induced in the existing tunnel (i.e., 0.36% D) in this study is
within the recommended limit.

At basement centre (i.e., section S1), the measured maximum vertical elongation and
horizontal compression of the tunnel increased by 23% and 25%, respectively, as the relative
sand density decreased from 68% to 51%. Computed results also show that the magnitude of
tunnel deformation increased with a reduction in the sand density. However, the computed
changes in tunnel diameters were 32% to 48% smaller than the measured ones.

To explain the variations in tunnel diameters with sand density, the mobilised secant
shear stiffness (G = g/3¢s) of soil along the transverse direction of the tunnel was computed at
section S1 (i.e., underneath basement centre). Figure 9 shows the normalised secant shear
modulus of soil along the transverse direction of the tunnel. In total, the secant shear modulus
of soil at sixteen points was obtained. At each location, the secant modulus of soil with a
relative density of 51% (i.e., Geps1) was normalised by that in a sand with a relative density
of 68% (i.e., Gcpes). Due to a smaller void ratio in a denser sand, the normalised secant shear
modulus of soil (Gepsi/Gepes) along the transverse tunnel direction was about 0.65 after the
g-level was increased to 60 g. Upon completion of simulating basement excavation, the
normalised shear modulus of soil above the tunnel springline was decreased to 0.58, but that
of soil below the tunnel springline was increased to 0.73. After increasing g-level and
basement excavation, the computed soil stiffness around the transverse tunnel direction in a
looser sand (i.e., CD51) was found to be much smaller than that in a denser sand (i.e., CD68).
This implies that a tunnel buried in a looser sand is less resistant to vertical elongation when
it was subjected to stress relief. Moreover, a larger inward wall movement is induced in a
looser sand (i.e., CD51) due to a smaller stiffness of soil around the tunnel. Thus, basement
excavation in a looser sand caused a larger horizontal compression in a tunnel. Because of

these two factors, larger vertical elongations are induced in the tunnel accordingly.
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Correspondingly, a larger horizontal compression is induced in a tunnel buried in a looser

sand.

Induced strain in the tunnel along its transverse direction

Figure 10 shows the measured and computed strains at the outer surface of the tunnel
lining along the transverse direction of the tunnel. All the strains presented in this figure are
incremental, i.e., due to basement excavation only. Positive and negative values denote
tensile and compressive strains, respectively. By taking bending moment of the aluminium
alloy tube from centrifuge tests and numerical analyses, strain of an unreinforced concrete
tunnel with equivalent flexural stiffness (i.e., with Young’s modulus of 35 GPa and thickness
of 230 mm) was calculated by using beam theory. All the results were taken at two sections
of existing tunnel, i.e., directly beneath (section S1) and 0.33 L (section S2) away from the
basement centre, respectively.

Due to symmetrical stress relief around the tunnel lining, the profiles of measured and
computed strains were symmetrical for the tunnel located directly beneath and 0.33 L away
from basement centre (i.e., sections S1 and S2) as expected. Tensile strains were induced at
the outer surface of the tunnel crown, shoulder, knee and invert, corresponding to elongation
of the tunnel at those locations. On the other hand, compressive strain was measured and
computed at the outer surface of the tunnel springline, corresponding to compression of the
tunnel at that particular location. Variations in strains in the tunnel along its transverse
direction were consistent with changes in tunnel diameters measured by the potentiometers
(see Fig. 8). Upon completion of basement excavation, the maximum tensile strain of 132
ue in the tunnel along its transverse direction was measured beneath the basement centre (i.e.,
section S1). According to ACI224R (2001), the ultimate tensile strain of unreinforced

concrete is 150 pe. So if the tensile strain in the existing tunnel is above 18 pe even before
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basement excavation, the tunnel could crack. Compared with the strain at section S1 (i.e.,
beneath the basement centre), the strain at section S2 (i.e., 0.33 L away from the basement
centre) was reduced by 20-30%.

Both measured and computed maximum tensile strain at the tunnel crown was much
larger than that at the invert. This is because the tunnel crown experienced a much larger
stress relief than the invert (see Fig. 6a). At a given tensile strain in the tunnel along its
transverse direction, the crown was more vulnerable to cracking than the invert. For tunnel
located directly underneath basement centre (i.e., section S1), the measured maximum tensile
strains in the tunnel along its transverse direction were 132 and 110 pe, respectively, in Tests
CD51 and CD68. This indicates that the measured maximum tensile strain in the tunnel
increased by 20% when the relative sand density decreased from 68% (CD68) to 51%
(CD51). The computed maximum tensile strain also increased with a reduction in sand
density. It is consistent with variations in tunnel diameters with the relative sand density as
shown in Fig. 8. This is because a looser soil is less stiff around a tunnel and hence the
inward wall movement would be larger.

In the cases of SD69 and SS70 (in which the basement was excavated at the side of the
tunnel), both measured and computed strains showed that the shape of the tunnel was clearly
distorted due to unsymmetrical stress relief and shearing around it. At both sections S1 and
S2, the maximum tensile strain was measured and computed in the right shoulder (close to
the basement) of the tunnel. Upon completion of basement excavation, the maximum tensile
strains in the tunnel located at basement centre (i.e., section S1) were measured to be 34 and
69 ue respectively in Tests SD69 and SS70. Under the same sand density and wall stiffness,
the maximum transverse tensile strain of tunnel in Test SD60 was only about 31% of that in
Test CD68. At section S1, the measured maximum tensile strain in the tunnel located at the

side of the basement (i.e., 69 pe in Test SS70) was only 52% of that in the tunnel located
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directly beneath the basement (i.e., 132 pe in Test CD51). It is obvious that the maximum
tensile strain in the tunnel along its transverse direction was reduced by more than 50% when
a diaphragm wall was adopted to replace a sheet pile wall. As expected, the sheet pile wall
moved inward to a larger extent causing a greater stress reduction around the tunnel lining. A
discussion on the reduced normal stress acting on the tunnel lining is given in the next section.

According to the numerical parametric study by Shi et al. (2015), the basement-tunnel
interaction at basement centre could be simplified as a plane strain condition when the
excavation length (i.e., L) along the longitudinal tunnel direction reached 9 H. (excavation
depth). For the short excavation (i.e., L/He = 2.0) reported in this study, induced tunnel heave
and transverse tensile strain at basement centre were less than 30% of that in a long and
narrow excavation (i.e., L/He = 9.0). It implies that corner stiffening in a short excavation

significantly reduced tunnel heave and tensile strain by basement excavation.

Reduced normal stress acting on the tunnel lining along its transverse direction

Figure 11 shows the reduction in normal stress acting on the tunnel lining along its
transverse direction as a result of basement excavation. Excavation induced reduction in
normal stress around tunnel lining is computed in section S1 which is located beneath
basement centre For a tunnel located beneath the basement centre (CD51 and CD68), the
profiles of reduced normal stress acting on the tunnel lining were symmetrical as expected.
Stress relief along the vertical direction was larger than that along the horizontal direction.
Thus, the existing tunnel was vertically elongated and horizontally compressed (see Figs. 8 &
10). Accordingly, tensile strain was induced at the outer surface of the tunnel crown and
invert, while compressive strain was observed at the outer surface of the tunnel springline.
Note that the reduction in normal stress at the tunnel crown was about five times larger than

that at the invert. Correspondingly, a much larger tensile strain was induced at the crown than
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at the invert (see Fig. 10). As expected, the extent of normal stress reduction around the
tunnel lining changed little (less than 1%) as the relative sand density decreased from 68%
(CD68) to 51% (CD51). However, the maximum transverse tensile strain at the tunnel crown
in Test CD51 was 20% larger than that in Test CD68. This is because a looser soil is less stiff
around the tunnel (see Fig. 9) and hence the wall moved inward to a greater extent. Thus, a
stiffer retaining wall can be used to reduce excavation-induced tensile strain in the tunnel
along its transverse direction.

For a tunnel located at the side of the basement, the reduction in normal stress acting on
the tunnel lining was clearly asymmetrical. The stress relief at the tunnel right shoulder and
springline, which are closer to the basement, was much larger than that at other locations.
Correspondingly, the tunnel lining was elongated toward the basement as shown in Fig. 10.
Note that a much larger stress reduction occurred around the tunnel lining when the sheet pile
wall (SS70), as opposed to the diaphragm wall (SD69), was adopted. Due to an increase in
stress relief around the tunnel lining with decreasing wall stiffness, a much larger transverse
tensile strain was observed in Test SS70 than in Test SD69 (see Fig. 10).

For a tunnel located beneath the basement centre (CD51 and CD68), the reduction in
normal stress around the tunnel lining exceeded the allowable limit (of 20 kPa according to
BD (2009)). Because of large stress changes around existing tunnel, attention should be paid
to the integrity of existing tunnel lining. For a tunnel located at the side of the basement
(SD69 and SS70), however, only the section of the tunnel lining closest to the basement
experienced stress changes larger than the allowable limit. Note that the maximum reduction
in normal stress in the latter tunnel was 43% of that in the former tunnel. This is consistent
with the measured tensile strain in tunnel (i.e., located outside the basement) along its

transverse direction as shown in Fig. 10.
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Induced strain in the tunnel along its longitudinal direction

Figure 12 shows the measured and computed strains in the tunnel along its longitudinal
direction. Positive and negative values denote tensile and compressive strains at the tunnel
crown, corresponding to hogging and sagging moments, respectively.

For a tunnel located directly beneath the basement centre (CD51 and CD68), the profiles
of measured strains at the tunnel crown along the longitudinal direction were symmetrical
with respect to the basement centre as expected. This implies that uniformity was achieved in
the preparation of sand samples. Due to differential tunnel heave as shown in Fig. 5, hogging
and sagging moments were induced at the basement centre and other locations. By inspecting
the strains measured at the tunnel crown along the longitudinal direction of the tunnel, the
inflection point where strain is equal to zero can be identified. In these two tests, the
inflection point, where the shear force was at a maximum, was about 0.8 L (i.e., basement
length) away from the basement centre.

A reasonably good agreement between measured and computed results was obtained
except for induced strain at the basement centre. Both measured and computed strains in the
tunnel along its longitudinal direction increased due to a reduction in sand density. Upon
completion of basement excavation, the measured maximum strains in the hogging and
sagging regions increased by 15% and 13%, respectively, as the relative sand density
decreased from 68% (CD68) to 51% (CD51). This is consistent with the finding shown in Fig.
5 that longitudinal tunnel heave increased as soil density was reduced. This is because the
mobilised shear stiffness of soil at the tunnel crown and invert was significantly reduced as
sand density decreased from 68% to 51%, while differences in soil stress relief at those
locations were negligible (see Fig. 6).

For clarity, induced strain in the tunnel located at the side of the basement is not shown

in Figure 12. Due to excavation-induced differential settlement of that tunnel (see Fig. 5),
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sagging and hogging moments were induced at the basement centre and other locations,
respectively. Once basement excavation had ended, the maximum tensile strains at tunnel
crown were measured to be 12 and 18 pe, respectively, when the tunnel was retained by the
diaphragm wall (SD69) and when it was retained by the sheet pile wall (SS70). In addition,
the measured maximum tensile strains at the tunnel springline in Tests SD69 and SS70 were
5 and 12 pe, respectively. Therefore, using a diaphragm wall (SD69) instead of a sheet pile
wall (SS70) reduced the measured maximum tensile strains in the tunnel along its
longitudinal direction by up to 58%. This is because a stiffer wall can reduce the ground
movements behind it and hence minimise tensile strain in a tunnel. Moreover, the maximum
longitudinal tensile strain of tunnel in Test SD60 was only about 18% of that in Test CD68.
For a tunnel located at the side of the basement, the maximum strains in the longitudinal
and transverse directions were only 23% and 53% of the corresponding values for a tunnel
located directly beneath the basement. Moreover, the maximum movement of the former
tunnel was measured to be just 21% of that of the latter tunnel. By using a sheet pile wall to
replace a diaphragm wall, excavation induced responses of tunnel at a side of basement (i.e.,
SS70) were still small. Thus, it is decided that the influence of sand density on tunnel
responses was not considered for this case. In this paper, the numerical parametric study only
focused on the influence of wall stiffness on the responses of tunnel when it was located

directly underneath basement centre.

Effects of wall stiffness on three-dimensional tensile strains induced in the tunnel

Figure 13 shows the relationships between wall stiffness and excavation-induced three-
dimensional tensile strains in the tunnel located directly beneath the basement centre. All the
strains plotted in this figure are due to overlying basement excavation only. A retaining wall

with a flexural stiffness (Ewlw) of 2.58x10° MN-m in prototype is equivalent to a 4.5 m thick
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diaphragm wall assuming Young’s modulus of concrete of 35 GPa. Since the induced
maximum lateral movement of the wall was less than 0.1 mm in prototype, the retaining wall
can be considered as a rigid wall. In this case, the induced heave and tensile strain in the
tunnel were attributed to vertical stress relief and soil movement behind the retaining wall
rather than inward wall movement.

As shown in Figure 13a, the maximum tensile strain in the tunnel along its longitudinal
direction increased slightly when wall stiffness increased from 80 (sheet pile wall) to
9.84x10° MN-m (1.5 m diaphragm wall) in prototype. However, tensile strain in the tunnel
did not change much when wall stiffness was further increased to 2.58x10° MN-m (rigid
wall). The maximum tensile strain in the tunnel along its longitudinal direction was computed
to have varied by up to 15% when a rigid wall was adopted instead of a sheet pile wall. This
implies that the maximum tensile strain induced in the tunnel along its longitudinal direction
is insensitive to the flexural stiffness of retaining wall, given the model geometry used.

In contrast, induced maximum tensile strain at the crown of the tunnel along its
transverse direction was significantly affected by the flexural stiffness of the retaining wall as
shown in Figure 13b. The maximum tensile strain was reduced by more than 40% when a 1.5
m thick diaphragm wall was adopted instead of a sheet pile wall. Another 10% reduction in
the maximum tensile strain was made by further increasing the wall stiffness to 2.58x10°
MN-m (i.e., rigid wall). This is because inward wall movement was significantly reduced for
the stiff diaphragm wall and so the tensile strain in the tunnel was minimised. Adopting a stiff
retaining wall is therefore an effective way to reduce the maximum tensile strain induced in
the tunnel along its transverse direction by basement excavation.

The maximum tensile strain in the tunnel along its longitudinal direction differed by
less than 15% when a rigid wall was adopted as opposed to a sheet pile wall. However, the

maximum tensile strain at the tunnel crown along its transverse direction was reduced by
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more than 50%. This is because a tunnel has a much smaller flexural stiffness in the

transverse direction than in the longitudinal direction.

SUMMARY AND CONCLUSIONS

A series of three-dimensional centrifuge tests were designed and carried out to

investigate the effects of sand density and retaining wall stiffness on responses of a tunnel to

basement excavation. Three-dimensional numerical back-analyses and a parametric study

were also conducted to improve the fundamental understanding of these effects on the

basement-tunnel interaction. Based on the measured and computed results, the following

conclusions may be drawn:

(1)

()

(3)

For the tunnel located directly beneath the basement, excavation-induced heave and
strain along its longitudinal direction were not sensitive to a change in sand density from
68% to 51%, even though the mobilised shear stiffness of soil was significantly reduced
by more than 30% at the crown and invert.

Due to a reduction in vertical stress accompanied by a relatively smaller horizontal
stress relief around the tunnel lining, vertical elongation and horizontal compression
were induced in the tunnel located directly beneath the basement centre. The elongation
and maximum tensile strain induced in the tunnel along its transverse direction increased
by more than 20% as the relative sand density decreased from 68% to 51%. This is
because a looser soil is less stiff around the tunnel resulting in a larger inward wall
movement. Tunnel responses along the transverse direction are more sensitive to density
variations because a tunnel has a much smaller stiffness along this direction than along
the longitudinal direction.

For the tunnel located at the side of the basement, the measured maximum settlement

and strain along its longitudinal direction were reduced by up to 22% and 58%,

29



760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

e

778

779

780

781

782

783

784

(4)

()

(6)

respectively, when a diaphragm wall was adopted instead of a sheet pile wall. This is
because a stiffer diaphragm wall can significantly reduce the ground movements behind
it and hence minimise the longitudinal settlement of the tunnel. Thus, a stiff wall can be
used to alleviate basement excavation induced adverse effects on existing tunnel.
Because of unsymmetrical stress relief and shearing, distortion was induced in the
transverse direction of the existing tunnel located at the side of the basement. When the
tunnel was placed behind a sheet pile wall, the maximum tensile strain in the tunnel
along its transverse direction was twice as large as that when the tunnel was placed
behind a diaphragm wall. This is because the normal stress relief around the tunnel was
much larger in the former case. Thus, a stiffer retaining wall can be used to alleviate
excavation-induced tensile strain in the tunnel along its transverse direction.

Under the same soil density and wall stiffness, basement excavation induced maximum
movement and tensile strains in the tunnel located at a side of basement were about 30%
of the corresponding values measured in the tunnel located directly beneath basement
centre. For given the model geometry in this study, it is thus suggested to construct a
basement at a side of tunnel rather than above it.

For the tunnel located directly beneath basement centre, dimensionless calculation charts
were developed to estimate the influence of wall stiffness on the maximum tensile strain
of tunnel along its longitudinal and transverse directions. Three-dimensional tensile
strains induced in the tunnel by basement excavation were observed in the calculation
charts. The maximum tensile strain induced in the tunnel along its longitudinal direction
was insensitive to wall stiffness while a stiffer retaining wall significantly reduced the
maximum tensile strain induced in the transverse direction. This is because a tunnel has
a much smaller flexural stiffness along its transverse direction than along its longitudinal

direction.
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Tables

Table 1. Relevant scaling laws (Taylor, 1995; Ng et al., 2013b)

Parameter Scaling law
(model/prototype)
Gravity (m/s?) N
Length (m) 1/N
Strain 1
Stress (kPa) 1
Density (kg/m?) 1
Unit weight (N/m?) N
Bending moment (N-m) 1IN3
Bending moment per meter run (N-m/m) 1/N 2
Flexural stiffness (N-m?) N4
Flexural stiffness per meter run (N-m?/m) 1/N 3
Table 2. Centrifuge test program
Relative sand  Retainin
D density (Dr)  wall typg Remark

CDs1 51% bW Basement constructed directly above the existing
CD68 68% DW tunnel

SDe69 69% bW Basement constructed at the side of the existing
SS70 70% SW tunnel

DW: diaphragm wall; SW: sheet pile wall

Table 3. Numerical analysis program

Relative sand Cover-to- Final
Tunnel location density (D) Retaining wall type diameter ratio  excavation
y (B (C/D) depth, He (M)
Beneath the 68% SW, DW (0.6, 0.96 2 9
basement centre 0 and 1.5 m), RW 3 15
At the side of the 69% DW (0.96 m) > 9
basement 70% SW

DW: diaphragm wall; SW: sheet pile wall; RW: rigid wall
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953 Table 4. Summary of material parameters adopted for finite element analysis (Ng et al.,
954  2013a; 2013b)

Angle of internal shearing resistance at critical state, ¢ (°) 30
Hardness of granulates, hs (GPa) ? 2.6
Exponent, n @ 0.27
Minimum void ratio at zero pressure, eqo” 0.61
Critical void ratio at zero pressure, ec? 0.98
Maximum void ratio at zero pressure, €jo? 1.10
Exponent, o ® 0.14
Exponent, 3° 3

Parameter controlling initial shear modulus upon

180° strain path reversal, mg° 8
Parameter controlling initial shear modulus upon

o H b 4
90° strain path reversal, mt
Size of elastic range, R ° 2x10°
Parameter controlling degradation rate of

. . . b 0.1
stiffness with strain, g
Parameter controlling degradation rate of

. . LY 1.0
stiffness with strain, y
Coefficient of at-rest earth pressure, Ko 0.5

955 2 Obtained from Herle and Gudehus (1999)

956  °: Calibrated from triaxial test results for Toyoura sand (Maeda and Miura, 1999; Yamashita
957 etal., 2000)

958  ¢'c: Determined from angle of repose test
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Fig. 8. Elongation and compression of the tunnel located beneath the basement centre
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Fig. 9. Mobilised secant shear stiffness of soil along the transverse direction of the
tunnel in section S1
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Fig. 10. Induced strain at the outer surface of the tunnel along its transverse direction
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Fig. 11. Reduced normal stress acting on the tunnel lining in section S1 (Unit: kPa)
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Fig. 12. Effects of sand density on induced strain in the tunnel along its longitudinal

direction
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