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Abstract

In urban areas, due to the limited underground space, tunnels are being built close to

or underneath existing buried foundations. As a result, it is essential to understand

the effect of tunnelling on nearby structures and buried foundations. Tunnel-structure

interaction problems have been widely investigated via numerical and physical modelling

as well as with field monitoring. However, the use of protective measures, such as

protective walls, to reduce the effect of tunnelling on structures have received much

less research attention. Protective measures are often very costly and designed in an

overly conservative way. A better understanding of tunnel, soil, piled structure and

protective wall interaction (TSPPWI) problems would enable more efficient and cost-

effective protective measures to be adopted.

In general, this thesis involves the study of three main areas, with centrifuge models de-

veloped to study each area: (1) greenfield tunnelling in sand, (2) effect of tunnelling on

piled structures, and (3) the use of protective walls to protect buildings from tunnelling

induced damage. The centrifuge models focus on the two-dimensional plane-strain case

where the tunnel runs transversely to the structure. A newly developed mechanical

model tunnel was used to simulate tunnel volume loss within the centrifuge tests. The

research makes the use of the novel coupled centrifuge-numerical modelling (CCNM)

hybrid testing equipment and methodologies developed at the University of Nottingham

to simulate the tunnel-structure interaction problem within the centrifuge tests. The

CCNM process allows more accurate simulation of the tunnel-structure interactions by

adjusting the loads applied to the foundation piles within the centrifuge model according

to outcomes of a numerical model that is used to simulate the structure domain simulta-

neously with the centrifuge model domain. In addition, to measure the axial force along

the foundation piles and bending moment of the protective walls, optical fibre Bragg

grating (FBG) sensors were used during the centrifuge tests. This research represents

the one of the first applications of FBG sensors in a geotechnical centrifuge.

Greenfield tunnelling centrifuge tests were carried out using the newly developed rigid

boundary mechanical model tunnel. The result showed good consistency in terms of

soil displacement mechanisms with data from conventional flexible membrane model

tunnels. An available empirical method for describing the variation of settlement trough

shape in sand was modified based on the current centrifuge results. The outcomes of

this work provide a more in-depth understanding of the effect of model tunnel boundary

condition and will benefit future researchers considering which type of model tunnel to

adopt when developing centrifuge tests related to tunnelling.



The tunnel structure interaction tests using the CCNM approach considered two cases of

structure stiffness: a zero stiffness structure (constant pile head load), and full structure

stiffness (based on a five storey steel frame building with four foundation piles running

transverse to the tunnel direction). These tests served as a baseline for comparison

with the protective wall tests. The structure stiffness affects pile head settlement and

the variation in the pile head load with tunnel volume loss. The pile located closest to

the tunnel showed the most significant pile head settlement with tunnelling, and FBG

data indicated the loss of end bearing force and shaft resistance along the pile during

tunnel volume loss. Post-tunnelling pile jacking tests were performed and indicated that

the amount of displacement required to re-mobilise the shaft resistance along the pile

depends on the amount of loss in shaft resistance during tunnelling.

In the tunnel-building interaction tests including protective walls (TSPPWI), two pro-

tective walls (made out of aluminium plate) were used with different embedded depths,

referred to as ‘short’ (toe of the wall located at the tunnel spring line) and ‘long’ (toe of

the wall located below the tunnel invert). The use of a protective wall can reduce the

soil movements on the building side of the wall. Results demonstrate that the ‘long’ wall

provides a more significant reduction in soil movements with tunnelling than the ‘short’

wall. During tunnelling, the protective walls reduced the amount of settlement of the

building foundation piles, as well as the change in pile head load. The efficiency of the

walls was quantified using the settlement of the piles with respect to the case without a

protective wall. Results indicate that the ‘long’ protective wall provides higher efficiency,

but the efficiency reduces for the piles located further away from the tunnel. Despite the

use of protective walls, the FBG sensors indicated that the pile shaft resistance reduced

with tunnelling, and during post-tunnelling pile jacking, a more significant pile head

displacement was required to fully re-mobilise the shaft resistance for the piles that lost

most of their shaft resistance during tunnel volume loss. The outcomes from these tests

will help engineers to refine their design of protective walls in practice, and enable more

efficient and cost-effective protective measures to be adopted.
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Chapter 1

Introduction

1.1 Description of the problems

According to DeSA et al. (2013), in the next 40 years, the world population is about

to increase to 10 billion, and by 2050, 70% of the world population will live in the

urban environment. The rapid development in cities requires to meet the demand for

infrastructure. Transport infrastructure plays a vital role to accommodate the rapid

increase in urban population. Without an efficient urban transport system, cites are

likely to create more traffic congestion and travel time. Probably the most recognised

solution to reduce the congestion of a city is by utilising underground infrastructure

systems.

A large part of these underground systems is made up of tunnels. Tunnels are being built

close to, underneath or even clashing with, existing buried infrastructure and building

foundations. As a result, to protect the existing assets from potential damage caused by

tunnelling, protective measures have been used in practice, which includes compensation

grouting, structure jacking and the use of a protective walls. However, because of the

high uncertainty regarding the consequence of tunnelling on existing assets, and the

limited understanding of the effect of the protective measures on existing assets, the

protective measures are generally costly. In order to achieve more sustainable cities

and enable more efficient and cost-effective protective measures to be adopted, it is

vital to improve the understanding of tunnel, soil, piled structures and protective walls

interaction (TSPPWI) problems.

1
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1.2 Aims and objectives of the research

Numerical modelling has been widely used as a tool to study tunnel-structure interaction

problems. However numerical analysis needs to be verified and tested against experi-

mental data or field measurements. Invaluable insights and data for verifying analytical

and numerical simulation on the problem of tunnel interaction have been provided by

physical modelling with a geotechnical centrifuge. For physical modelling, some degree

of simplification is necessary compared with real case: the piled structures are simplified

to plates with the piles rigidly connected or constant load was applied to pile founda-

tions to simulate the self-weight of the structure. The use of simplified models could

over- or under-predict (eg. the use of rigid connected beam or constant loaded piles)

the contribution of superstructure effects to the global tunnel pile structure interaction

(TPSI) problems.

This research is intended to develop experimental applications and to obtain previously

unattainable results, which will enable a better understanding of the complex tunnel,

soil, piled structures and protective walls interaction (TSPPWI) problems. In addition,

the scope of the research is limited to dry sand. This research aims to use hybrid

testing apparatus and methods developed at the University of Nottingham to address

the limitations stated above, known as coupled centrifuge-numeric modelling (CCNM)

(Franza et al., 2019). This research also aims to apply optical Fibre Bragg Grating

(FBG) sensing techniques within the CCNM application, which offers several benefits

over conventional strain gauges, including electric noise insensitivity, better resolution

and very small instrument size.

The aims stated above were achieved through the following objectives, as well as the

novel experimental developments within this research are highlighted:

• Develop a new centrifuge model container and a rigid boundary mechanical

model tunnel to simulate eccentric shape tunnel volume loss; conduct greenfield

tests to validate the performance of the newly developed model tunnel. Compare

the results against other centrifuge tests using fluid filled flexible membrane model

tunnel to identify the difference in resultant soil displacement mechanism.

• Develop a modular actuator with a load/displacement control system; im-

prove the current CCNM system and ensure a more realistic numerical steel

frame structure to be adopted. Obtain the data and interpret the tunnel-soil-

pile-structure interaction mechanisms, as well as evaluate the effect of structure

stiffness on this interaction problem.
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• Develop model piles and protective walls for centrifuge tests, and integrate FBG

sensors within these model piles and walls. Identify the effect of protective

walls in reducing tunnelling induced damage on piled structures, and produce

normalised data to quantify the efficiency of the protective walls. By achieving

above items, it is believed that the complex soil structure interaction problems can

be better understand, therefore, the development of guidance or design chart for

engineering practice purpose can aided from this work.

1.3 Structure of the thesis

This thesis consists of seven chapters, and can be described as follows:

Chapter 2 presented the review of greenfield tunnelling, the effect of tunnelling on

piles and piled structures, the use of protective structures to protect buildings from

tunnelling induced damage. In addition, the geotechnical centrifuge technology, and the

development of centrifuge model tunnels, piles and instrumentation were reviewed. The

basic principle of fibre Bragg Grating (FBG) was reviewed as well.

Chapter 3 presented the review of geotechnical centrifuge technology, and the devel-

opment of centrifuge model tunnels, piles and instrumentation. The basic principle of

fibre Bragg Grating (FBG) was reviewed as well.

Chapter 4 provided the detailed development of centrifuge testing facilities as well

as the testing procedures and methodology. Three centrifuge test packages were pre-

sented in this chapter: 1) greenfield tunnelling in sand, 2) effects of tunnelling on piled

structures, 3) the use of protective walls to protect buildings from tunnelling induced

damage.

In Chapter 5 three centrifuge tests were conducted using newly developed eccentric

rigid boundary mechanical (eRBM) model tunnel with three cover to diameter ratios

(C/D). Experimental and numerical model results were used to explore the effect of

different tunnel boundary conditions on resulting ground deformations. Empirical meth-

ods developed by Marshall (2012) to describe the variation of settlement trough shape

in sands were modified based on the eRBM model tunnel centrifuge results.

In Chapter 6, the tunnel-pile-structure interaction (TPSI) problems were investigated

using a novel coupled numerical-centrifuge method (CCNM) approach. The outcomes

from four centrifuge tests were presented. Two different structure stiffness were inves-

tigated, which are fully flexible (constant load on each pile) and full structure stiffness

(structure stiffness simulated using a numerical model within the CCNM application).
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FBG sensors were used to measure the axial force along the four piles. After tunnel

volume loss, pile jacking tests were conducted to investigate the post-tunnelling pile

capacity.

In Chapter 7, four centrifuge tests were carried out under 80g to study the perfor-

mance of protective walls in reducing piled structures from tunnelling induced damage.

Two protective walls were used and had an embedded depth of 207 mm and 297 mm,

respectively. The testing results presented in this chapter also included bending moment

along with the depth of the wall, which was measured by the FBG sensors.

Chapter 8 summarised the major findings of this research, and made some suggestions

for further research.



Chapter 2

Background

This chapter presents a review of greenfield tunnelling, the effect of tunnelling on struc-

tures, the use of protective structures to protect buildings from tunnelling-induced dam-

age, as well as geotechnical centrifuge technology. Greenfield tunnel volume loss and

the resulting soil movements are discussed first, followed by the surface and subsurface

tunnelling-induced transverse settlements and prediction methods developed by various

authors. The influence of tunnelling-induced soil movements on structures such as pile

foundations and surface structures are presented. Finally, the use of protective struc-

tures to control ground movements was then reviewed, as well as the use of protective

walls in practice to protect assets from tunnelling-induced damage.

2.1 Greenfield tunnelling

2.1.1 Ground movements

The main components that could cause ground movements for shield tunnelling are

summarised by Mair and Taylor (1997), which are shown in Figure 2.1. The excavation

face stress relief during tunnelling is the main reason to cause ground movements. The

radial ground movement as suggested by Mair and Taylor (1997) is caused by the passage

of the over-cutting front face, and the soil behind tends to contract radially. The tail

void is the gap between the shield tail-skin and the tunnel lining outer surface that

causes radial ground movement towards the tunnel centre line. With the development

of ground loading, which is applied to the tunnel lining, the tunnel lining deforms towards

the tunnel centre line (common assumption). In addition, long-term soil consolidation

can cause ground movements and is particularly significant in soft clay tunnelling due

to its low permeability.

5



Chapter 2. Background 6

Figure 2.1: Main components of ground movement due to shield tunnelling after
Cording (1991)

tunnelling-induced ground movements are three-dimensional; the typical greenfield lon-

gitude/transverse surface and subsurface settlement trough shape with key features are

showed in Figure 2.2. The prediction of the greenfield surface and subsurface transverse

settlement trough from various authors will be discussed in the next section.

Figure 2.2: Greenfield settlement trough features after Attewell and Yeates (1984)

Greenfield displacements can be defined as the soil is naturally formed and has been

“touched” by any engineering work, and the soil has no interactions between surrounding

structures such as pile foundations or pipelines. Volume loss is one of the key elements

when considering ground displacements. The soil volume loss can be described as Vl,s =

Vs/At, where Vs is the volume of the settlement trough per meter length (longitude

direction has a unit length of 1m), and At is the nominal tunnel cross-sectional area.

Tunnel volume loss Vt is the amount of soil loss close to the tunnel region due to tunnel

excavation and was discussed previously (Figure 2.2). It can be described as Vt =

Vl,t × At, where Vl,t is the tunnel volume loss. For tunnelling in clay in the short-term

(undrained case with zero change in soil volume), tunnel volume loss Vl,t equals to the
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soil volume loss Vl,s. For tunnelling in the sand, Vl,s is not constrained and will not

necessarily equal Vl,t; this topic will be further discussed in chapter 4.

2.1.2 Surface and subsurface transverse settlement

Peck (1969) showed that the Gaussian distribution curve can well describe the tunnelling-

induced transverse settlement trough for clay under the undrained condition:

Sv = Smax · exp(
−x2

2i2
) (2.1)

where Smax is the maximum settlement at the tunnel centre line, x is the horizontal

distance from tunnel centre line, and i is the horizontal distance from tunnel centre line

to the inflection point of the curve (see Figure 2.2). The parameter i is influenced by

tunnel depth, tunnel diameter and ground conditions (Peck, 1969). Mair and Taylor

(1997) summarised the data provided by Peck (1969) and produced a graph (Figure 2.3)

to indicate the relationship between width parameter (i) and depth of tunnel under

different ground conditions.

Figure 2.3: Relation between settlement trough width parameter and depth of tunnel
for different ground conditions after Peck (1969)

Clough and Schmidt (1981) stated that with a given ground loss, the maximum soil

settlement can either be defined by i or Smax (the integration of equation 2.1, Vs =∫ +∞
−∞ Sv(x) dx =

√
2π i Smax). Based on the field measurement data of tunnel excavation

in clay, Clough and Schmidt (1981) produced the following equation to describe the
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parameter i:

i = 0.5D0.2
t zt

0.8 (2.2)

Where Dt is the diameter of the tunnel and zt is the depth of the tunnel. Unlike the

equation proposed by Clough and Schmidt (1981) (Equation 2.2) , O’reilly and New

(1981) stated that there is no significant correlation between i and tunnel diameter. As

a result, the following equation was proposed:

i = Kzt (2.3)

where the K is the trough width parameter. Mair and Taylor (1997) suggested that for

practical purposes, K could be taken as 0.5 for clay and 0.25 for sands and gravels.

Celestino et al. (2000) pointed out that the Gaussian curve does not always predict

a good fit to the settlement troughs, and proposed a yield density curve to describe

the settlement which contains three curve parameters (one additional degree of freedom

compared with standard Gaussian curve), which can be expressed as:

Sv =
Smax

1 + (xa )b
(2.4)

Where Smax is the maximum settlement, a is length parameter and b is dimensionless,

and horizontal distance from the tunnel centre line to the inflection point of the curve i

can be expressed as i = a( b−1b+1)1/b.

Jacobsz (2003) conducted a series of centrifuge tests in sand and developed a new equa-

tion to estimate the transverse surface settlement trough for tunnelling in sand:

Sv = Smaxexp{−
1

3
(
|x|
i

)1.5} (2.5)

Centrifuge tests were conducted at various volume losses, and the data were curve fitted

using Equation 2.5. Compared with the Gaussian curve, results indicated that Equa-

tion 2.5 fits the experimental data better than the Gaussian.

Vorster et al. (2005) proposed the modified Gaussian equation to fit the observed trans-

verses soil settlements from centrifuge experiments:

Sv =
n

(n+ 1) + exp(αx
2

i2
)
Smax

n = eα · 2α− 1

2α+ 1
+ 1

(2.6)
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where the n is the parameter that controls the width of the settlement trough, and α

is the parameter to ensure that i remains the distance to the inflexion point. Like the

yield density function, the modified Gaussian curve contains an additional degree of

freedom compared to the standard Gaussian curve and it allows the curve to fit narrow

settlement troughs. The centrifuge tests conducted by Marshall (2009) confirmed the

goodness of fit of the modified Gaussian curve.

The subsurface settlement trough as suggested by Mair et al. (1993), can also be similarly

characterised by Gaussian distribution as those for surface settlement. As a result, the

equation used for surface settlement trough to determine the inflexion point (Equation

2.3) can also be applied to sub-surface by substituting the distance above the tunnel

axis zt − z:

i = K(zt − z) (2.7)

The value of K shows a non-linear relation with depth z. By reviewing field measure-

ments and centrifuge tests data in clay, Mair et al. (1993) proposed the equation as

follows:

K =
0.175 + 0.325× (1− z/zt)

(1− z/zt)
(2.8)

Marshall et al. (2012) found that the standard parameters i and K were not sufficient

to describe the settlement trough shape compared with other equations that use three

degrees of freedom such as modified Gaussian. Marshall et al. (2012) suggested to

use three points on the Gaussian curve which are Smax, Sv(ig) = 0.606Smax and the

half settlement of Sv(ig) (0.5Sv(ig) = 0.303Smax) to characterise the settlement trough

shape. The horizontal distance of Sv(ig) and 0.5Sv(ig) from the tunnel centre line are

referred as x∗ and x∗∗. The trough width parameter K based on x∗ and x∗∗ can also be

expressed as K∗ = x∗/(zt − z) and K∗∗ = x∗∗/(zt − z). Based on the centrifuge results,

Marshall et al. (2012) proposed the following equations to predict the settlement trough

shape in dry dense sand:

K∗ =
K∗s + ∂x∗/∂z(z/zt)

1− z/zt

K∗∗ =
K∗∗s + ∂x∗∗/∂z(z/zt)

1− z/zt
K∗s = K∗ints,Vl,t

+K∗slopes,Vl,t
(Vl,t)

K∗∗s = K∗∗ints,Vl,t
+K∗∗slopes,Vl,t

(Vl,t)

(2.9)
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Based on three centrifuge tests with different cover to diameter ratios (C/D = 1.3, 2.4

and 4.4), Marshall et al. (2012) summarised that the K∗ints,Vl,t
= 0.44 + 0.055 C/D,

K∗slopes,Vl,t
= −0.041, ∂x∗/∂z = −0.436, K∗∗s = K∗s + 0.29 and ∂x∗∗/∂z = ∂x∗/∂z − 0.20.

Assumption was made that the trough shape parameter have a linear variation against

tunnel volume loss and cover to diameter ratio. Franza (2016) pointed out that equation

2.9 did not considered the transition between shallow to deep tunnels and may lead to

an overestimation of the settlement width.

Based on centrifuge tests conducted by Franza (2016), Zhou (2015) and Marshall et al.

(2012), a new set of equations to estimate the settlement trough width parameter that

accounting for the variation in soil relative density (Id), cover to diameter ratio (C/D),

subsurface soil depth (z/zt) and tunnel volume loss (Vl.t) is developed by Franza et al.

(2019):

K∗s = K∗int,lns,Vl,t
+K∗slope,lns,Vl,t

ln(Vl,t)

K∗∗s = K∗∗int,lns,Vl,t
+K∗∗slope,lns,Vl,t

ln(Vl,t)

∂x∗

∂z
=

M∗

1 + z/zt
;
∂x∗∗

∂z
=

M∗∗

1 + z/zt

(2.10)

In Equation 2.10, there are six parameters that need to be determined by the variation

of Id and C/D , which are K∗int,lns,Vl,t
, K∗slope,lns,Vl,t

, K∗∗int,lns,Vl,t
, K∗∗slope,lns,Vl,t

, M∗ and M∗∗.

The parameters stated above were calculated by regression analyses using logarithmic

reflection equation as given by Franza et al. (2019), and the results are as follows:

K∗int,lns,Vl,t
= (−0.84Id + 0.95) ln(C/D) + 0.45Id + 0.07

K∗∗int,lns,Vl,t
= (−1.16Id + 1.36) ln(C/D) + 0.47Id + 0.42

K∗slope,lns,Vl,t
= (0.35Id − 0.30) ln(C/D)− 0.22Id + 0.07

K∗∗slope,lns,Vl,t
= (0.41Id − 0.35) ln(C/D)− 0.22Id − 0.01

M∗ = (0.81Id − 0.93) ln(C/D)− 0.60Id − 0.07

M∗∗ = (1.50Id − 1.55) ln(C/D)− 0.96Id − 0.28

(2.11)

The overall performance of Equation 2.10 and 2.11 show a relatively good match with

centrifuge measurements for both K∗ and K∗∗ as indicated by Franza (2016).
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2.2 Tunnelling effect on piles and piled structures

Excavation of a tunnel is often close to or underneath existing structures. It is important

for the engineers and researchers to understand the tunnelling effect on existing struc-

tures. The structures and the associated infrastructure elements that could potentially

be affected by nearby tunnelling-induced ground movements include: pipelines, single or

groups of piles, existing tunnels, and surface buildings, see Figure 2.4. In this section, the

review is mainly focused on the interactions between tunnel, piles and piled structures.

The single pile settlement and deformation due to tunnelling is first reviewed, followed

by the pile load transfer due to tunnelling, and the piled structure deformations.

Figure 2.4: Underground structures in urban environment (Mair, 2008)

2.2.1 Building damage assessment

Potts and Addenbrooke (1997) proposed the modification factor approach to determine

the deformation, the parameters are deflection ratio and horizontal strain (Boscardin

and Cording, 1989, Burland, 1995). The definition of the deflection ratios are given in



Chapter 2. Background 12

Figure 2.5. As a result, the modification factors for deflection ratio as suggested by

Potts and Addenbrooke (1997) can be defined as:

MDRsag = DRsag,bldg/DRsag,gf

MDRhog = DRhog,bldg/DRhog,gf
(2.12)

where DRhog,gf and DRsag,gf are the hogging and sagging deflection ratio for the sec-

tion of the building with respect to the greenfield ground surface settlements. In a

similar fashion, Potts and Addenbrooke (1997) suggested that the modification factors

for compressive and tensile horizontal strain are defined as:

M εgc = εhc,bldg/εhc,gf

M εgt = εht,bldg/εht,gf
(2.13)

and εht,gf and εhc,gf is the maximum horizontal tensile and compressive strain for the

section of the building located in sagging and hogging zone with respect to the greenfield

ground surface settlements.

Figure 2.5: Definition of deflection ratios by Potts and Addenbrooke (1997),Goh and
Mair (2012) and Franza and Marshall (2017)

In addition, to quantify the stiffness of the structure, Potts and Addenbrooke (1997)

proposed the relative bending (ρ∗) and axial (α∗) stiffness parameters, which can be



Chapter 2. Background 13

defined as:

ρ∗ = EI/EsH
4

α∗ = EA/EsH
(2.14)

where H is the half width of the building (B), and Es is the soil stiffness. Potts and

Addenbrooke (1997) suggested Es is the secant stiffness of the soil located at a depth

of zt/2 under 0.01% axial strain. Goh and Mair (2012) modified Equation 2.14, and

defined a new equation to calculate relative bending stiffness as:

ρsag =
EI∗

Es(B
g
hog)

3

ρhog =
EI∗

Es(B
g
hog)

3

(2.15)

EI∗ is the elastic building stiffnesses per running metre (kNm2/m run). Lgsag and Lghog

are the lengths in greenfield condition corresponding to the building’s location in sagging

and hogging, respectively.

Franza and Marshall (2017) extended the building stiffness parameter to account for

piled structures:

ρpsag =
EI

Es(B
g
sag)3

Slg
L

ρphog =
EI

Es(B
g
hog)

3

Slg
L

(2.16)

where Slg is the longitudinal spacing of transverse pile rows, and L is the length of the

building in longitudinal direction, see Figure 2.5.

2.2.2 Pile settlement due to tunnelling

It has been well established that pile installation method (such as driven pile and bored

pile) has a significant effect on the performance of the pile (during tunnel volume loss).

This is because the different installation methods cause different pile working load dis-

tribution along the pile. The focus of the research is on dry sand, therefore, for non-

displacement piles in sand (bored pile), pile working loads are mainly taken by the pile

end bearing resistance. For displacement piles in sand (jacked or driven pile), the pile

working load is mainly taken by shaft resistance. Therefore, during tunnel volume loss,

the axial force along the two types of the pile is different, this is because the initial stress

conditions are different (effect of installation method).
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Loganathan et al. (2000) conducted three centrifuge tests in clay using non-displacement

single piles and pile groups (2 × 2) to investigate the tunnelling-induced ground move-

ments and pile deformations by varying the depth of the tunnel. The centrifuge model

configuration is shown in Figure 2.6. The diameter of the single pile is 9 mm and has

a horizontal distance of 55 mm from the tunnel centre line. The single pile was pushed

into the clay at a rate of 0.5 mm/s to allow excess pore water pressure dissipation prior

to the centrifuge acceleration. Due to the fact that the pile was pushed into the soil

at 1g, the ground stress did not replicate the real soil disturbance occurred during pile

installation. As a result, the pile is assumed as a non-displacement pile. From the single

pile centrifuge test results, Loganathan et al. (2000) pointed out that the maximum

pile head settlement is expected for tunnels located at the pile tip level (zt=180 mm,

C/D=2.5). The tests conducted by Loganathan et al. (2000) provided an insight into

pile settlement response to tunnelling-induced ground movement at various pile base

locations with respect to the depth of the tunnel.

Figure 2.6: Centrifuge model test configuration (Loganathan et al., 2000) (unit in
mm)

Jacobsz (2003) carried out a series of centrifuge tests in dry Fraction E silica sand using

single displacement piles located at various positions. Jacobsz (2003) identified four

influence zones where the pile could experience different settlement and mobilised shaft

friction at a given tunnel volume loss. During centrifuge tests, piles with a diameter

of 12 mm fitted with a 60° conical tip were pushed into the sandy ground by 25 mm

(to ensure the based load was fully mobilised) after the designated g-level was reached
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(75 g). This pile driving process under the required g-level (replicating the real ground

stress profile) will cause significant surrounding soil disturbance when compared with

the method used by Loganathan et al. (2000), so the process cab be assumed as a

displacement pile. Figure 2.7 shows the tests layout and experiment configuration for

the tests conducted by Jacobsz (2003).

Figure 2.7: Centrifuge model test configuration by Jacobsz (2003) (unit in mm)

Based on the pile settlement data obtained from centrifuge tests at a volume loss of 1.5%,

four different influence zones were identified by Jacobsz (2003), see Figure 2.8. The piles

with their base located in Zone D settle less than the surface and subsurface greenfield

settlement, piles with their base located in Zone C show relatively similar settlement to

surface and subsurface settlement, and in Zone B piles settle more than the greenfield

soil settlements. For piles with their base located in Zone A, pile settlement shows a

similar value to surface and subsurface soil settlements with a tunnel volume loss less

than 1.5%.

During the construction of London to the Channel Tunnel Rail Link (CTRL), Selemetas

(2005) conducted a series of full-scale trials to investigate the response of single piles and

piled structures due to tunnelling-induced ground movement. The tunnel excavation was

carried out by two 8 m diameter earth pressure balance machines (EPBM) at a depth

of 19.5 m with a spacing of 16 m, and the ground contains London clay, sandy gravel

and alluvium deposits. The test layout and instruments are showed in Figure 2.9.
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Figure 2.8: Influence zone identify by Jacobsz (2003) that large settlement is expected

Figure 2.9: Position of pile and instrumentation by Selemetas (2005)
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Selemetas (2005) suggested to use R value to compare the pile head settlement against

the ground surface settlement, which is the ratio between absolute pile head displacement

and nearby ground surface soil displacement (R = pile head settlement
ground surface settlement). Based on the

measured pile settlement and nearby greenfield surface soil settlement, three influence

zones are identified by Selemetas (2005) (see Figure 2.10). R > 1 for the pile with their

base located in Zone A. Piles with their base located in Zone B settle a similar amount

as the surface siuk and piles with their base located in Zone C settle less than the surface

soil (R < 1). Similar zones of influence were identified by Kaalberg et al. (2005) with a

slightly wider zone of influence A (the cutoff line between zone A and B: inclined angle

of 60° from tunnel spring line to surface rather than a vertical line, see Figure 2.10).

Figure 2.10: Zones of influence identified by Selemetas (2005) and Kaalberg et al.
(2005) from Franza (2016)

Lee and Chiang (2007) conducted a series of centrifuge tests to investigate the response

of single piles to tunnelling-induced soil movements. The tests were carried out with

fully saturated quartz sand. Piles were fixed at the predetermined positions prior to sand

pluviation in order to replicate bored piles (non-displacement pile). Figure 2.11 shows

the test layout. By varying the pile working load and the horizontal distance between

the pile and the tunnel, Lee and Chiang (2007) found that pile settlement increases

significantly when the piles are located closer to the tunnel.

Marshall (2009) conducted two groups of centrifuge tests (Tunpile1 and Tunpile2) to

investigate the pile settlement, pile strain change and resultant ground displacements

due to tunnelling in dry dense silica sand (Id = 90%). The piles tested in the centrifuge

were jacked into the ground after the target g-level (75 g) was reached. As a result,

piles can be assumed as displacement piles. The measured pile settlement for the pile

with their base located in Zone A ,influence zone defined by (Jacobsz, 2003) shows

a similar value to the greenfield soil settlement at a volume loss below 0.9%. The pile

head starts to settle more than the soil with further increase in tunnel volume loss; these

results match the outcomes from Zone A defined by Selemetas (2005) and Kaalberg et al.
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Figure 2.11: Testing layout and strain gauge position from Lee and Chiang (2007)
(unit in prototype scale)

(2005). For piles with their base located in Zone B, zone of influence defined by (Jacobsz,

2003), centrifuge results showed that the measured pile settlements are greater than soil

displacements, which confirmed the finding from Jacobsz (2003), see Figure 2.12.

Figure 2.12: Tested piles location in related to the zone of influence provided by
Jacobsz (2003) from Marshall (2009)

Ng and Lu (2013) carried out centrifuge tests to investigate the behaviour of a single

pile due to twin tunnelling that considered the tunnel excavation sequence. The de-

tailed review of the model tunnel which has the ability to simulate tunnel excavation

sequence is presented in Section 3.2. The testing layout is shown in Figure 2.13. The

piles were installed to the predefined position prior to sand pluviation and piles can be

assumed as non-displacement piles. Linear variable differential transformers (LVDTs)
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were mounted at the pile head to measure the pile settlement due to twin tunnelling.

After the application of the 1200 N working load to the pile via a hydraulic jack, tunnel

volume loss was carried out (tunnel volume loss up to 1%) and piles settlement and axial

force along the piles were measured. Two tunnel construction sequences were tested: 1)

excavation carried out from the tunnel located near the pile base followed by the tunnel

at the middle depth of the pile (test TS); 2) excavation carried out from the tunnel

located at the middle depth of the pile followed by the tunnel located at the pile base

(test ST). Based on the test TS, Ng and Lu (2013) concluded that the pile settlement

induced by the second tunnel (tunnel located at the middle of the pile) is only 40%

of the settlement induced by the first tunnel excavation (tunnel located at pile base).

For test ST, Ng and Lu (2013) summarised that pile settlement induced by the second

tunnel (tunnel located at pile base) excavation is 40% more than the settlement caused

by the first tunnel excavation (tunnel located at pile base) in test TS. This is due to

the stress release along the pile shaft that occurred during the excavation of the first

tunnel in Test TS, where pile load is transferred to the pile base, therefore, additional

tunnel excavation near the pile base causes greater pile settlement (detailed load transfer

along the pile during test ST will be discussed in Section 2.2.3). As a result, Ng and Lu

(2013) suggested that the tunnel construction sequence has a significant effect on the

pile settlement induced by twin tunnelling at different depths.

Figure 2.13: Testing layout of the centrifuge tested by Ng and Lu (2013)

2.2.3 Single pile load transfer due to tunnelling

For the centrifuge tests conducted by Loganathan et al. (2000) (testing layout described

in the previous section), strain gauges were located on the outer surface of the pile with

eight different locations to measure both bending moment and axial force along the pile.
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Loganathan et al. (2000) summarised that the maximum bending moment is expected to

occur at the bottom of the pile, and a tunnel located at the pile base will cause greater

bending moment along the pile than other tunnel locations. The induced maximum

axial force for a pile is located at the tunnel depth for the tunnel located above the pile

base; otherwise the maximum axial force of the pile will be located at the pile base (for

the case where tunnel is located below the pile base).

The centrifuge tests conducted by Jacobsz (2003) used full Wheatstone bridge strain

gauge configuration (temperature compensation considered) to measure axial force along

the pile and lateral stress (a separate gauge specifically designed for lateral stress mea-

surement). Detailed instrument configuration will be discussed in Section 3.2. A load

cell was located at the base of the pile, which enabled the measurement of the end bear-

ing force during tunnel volume loss, and strain gauges located along the pile allowed the

measurement of the shaft resistance. As suggested by Jacobsz (2003), for piles located in

Zone A, with an increase in tunnel volume loss, the pile experienced a sudden reduction

in pile end bearing resistance, in the same time, pile shaft friction was mobilised in order

to maintain the equilibrium of the pile head load. Piles located in Zone B showed similar

load transfer behaviour between the pile base and shaft resistance to the piles located

in Zone A. For piles located in Zone C, the pile end bearing resistance increased with

tunnel volume loss (tunnel volume loss less than 0.5%), and to balance the pile head

load, shaft friction along the pile reduced. With further increase in tunnel volume loss

(greater than 0.5%), shaft resistance increased, and the pile end bearing load started to

decrease. For piles located outside the zone of influence defined by Jacobsz (2003), shaft

resistance along the pile was reduced with tunnel volume loss.

The full-scale pile response due to tunnelling was investigated by Selemetas (2005). Four

driven cast-in-situ piles located directly above or with an offset of 9 m from the tunnel

centre line were used (see Figure 2.9). The piles were installed by firstly driving a

steel tube equipped with a based plate to the required depth, and then the steel tube

was filled with grout. Then, the steel tube was pulled out, and the reinforcement cage

equipped with vibrating wire strain gauges was inserted into the wet concrete. Four

vibrating wire strain gauges were grouped as a cluster located along the reinforcement

cage every 2 m, which allow the measurement of the axial load along the four piles.

Based on the measured data, the change in axial load due to tunnelling can be divided

into four different stages which are: 1) arrival of the EPBM face, 2) during the passage

of the shield, 3) the completion of tail-skin grouting and 4) long term after the tunnel

excavation. Based on the axial force measurement, Selemetas (2005) pointed out that the

axial compression load of the pile directly above the tunnel centre line increased during

the arrival of the EPBM (earth pressure balance machine) excavation face. Significant

pile load reduction is observed during the passage of the EPBM. During the tail-skin
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grouting, pile load distribution matches well with the initial pile load prior to tunnelling,

and with time, the axial load reduced along the pile and the pile located close to the

tunnel centre line experienced an increase in base load and reduction in shaft friction.

Strain gauges were used to measure axial force (full Wheatstone bridge) and bending

moment (half Wheatstone bridge) along the depth of the pile for the centrifuge tests

carried by Lee and Chiang (2007). Based on the measured results, the depth ratio

(Lp/zt, see Figure 2.11) and working load have a significant effect on the axial force along

the pile. Figure 2.14 shows a typical axial load transfer and skin friction mobilisation

mechanism during tunnel volume loss for a single pile with 3200 kN working load that

was located 4.5 m away from the tunnel centre line (units are in prototype scale). With

the increase in tunnel volume loss, pile end bearing load decreased, and to balance the

pile working load equilibrium, pile shaft friction is mobilised.

Figure 2.14: Load transfer mechanism for pile with 3200kN working load (Lee and
Chiang, 2007) (Unit in prototype scale)

The axial load distribution of a single pile due to twin tunnelling was investigated by Ng

and Lu (2013). Before tunnelling, 85% of the working load applied to the pile was carried

by pile shaft (shaft resistance) and only 15% of the pile working load was transferred to

the pile base (end bearing load). For test TS, as the first tunnel excavation face (tunnel

located at pile base) approached the pile, pile end bearing force decreased, and to balance

the pile working load equilibrium, shaft resistance along the pile increased. Further

advancement of the tunnel excavation face caused the reduction of shaft resistance and

increase in pile end bearing force. After the second tunnel excavation (tunnel located at
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the middle of the pile), reduction in shaft resistance was identified at the upper portion

of the pile, which was caused by the downwards soil movements as well as the nearby

soil stress release. For test ST, after the excavation of the first tunnel (tunnel located

at the middle of the pile), the pile shaft resistance reduced at the upper portion of the

pile and an increase in shaft resistance was observed at the lower portion of the pile as

well as the end bearing load. When the second tunnel was excavated (tunnel located at

the pile base), shaft resistance reduced at the lower portion of the pile as well as the end

bearing force, which caused greater pile settlement than test TS.

2.2.4 Piled structure settlement and deformation due to tunnelling

For piled structure simulation within the centrifuge, a pile cap was often used to connect

the piles. For the centrifuge tests reviewed in this section, it is important to notice that

pile cap was not in contact with the soil. As a result, the load (self-weight) of the piled

structure was only carried by the pile shaft friction and end bearing capacity.

A 2 × 2 pile group (spacing of 25 mm in both directions) was used for the centrifuge

tests conducted by Loganathan et al. (2000). A 10 mm thick aluminium plate was used

as a pile cap to hold the piles in position. The pile group was located at an offset

distance of 67.5 mm from the centre of the pile group to the tunnel centre line. Detailed

testing configurations are discussed in Section 2.2.2. By varying the cover to diameter

ratio (C/D), Loganathan et al. (2000) concluded that the maximum pile settlement and

lateral displacement occurred when the tunnel was located at the pile base (C/D=2.5).

Jacobsz (2003) tested pile groups with service load on the piles. The weight on the pile

groups was rigidly connected to the pile cap. Figure 2.15 shows the pile base locations

within the centrifuge strong box. Based on the pile settlement data, Jacobsz (2003)

pointed out that with the increase in offset distance between the pile group and tunnel

centre line, pile group settlement and rotation reduced. In addition, to achieve the same

magnitude of settlement to a single pile, higher volume loss is required for a pile group.

By using the flexible membrane model tunnel which has the ability to simulate tunnel

excavation sequence in the centrifuge, Ng et al. (2014) studied the pile group response

to a side-by-side twin tunnelling. Figure 2.16 shows the centrifuge test configuration;

three centrifuge tests were carried out with different cover to diameter ratios. During

the model preparation stage, the pile group was fixed at the predefined location prior to

sand pluviation, and piles can be assumed as a non-displacement. From the measured

pile settlement, Ng et al. (2014) suggested that the rate of the pile group settlement

is increased when the first tunnel excavation face is approaching the pile group centre

line, and the settlement rate is decreased when the excavation face passed the pile group
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Figure 2.15: Pile group base locations for centrifuge tests conducted by Jacobsz
(2003)

centre line. By comparing the final pile group settlement in all three centrifuge tests,

Ng et al. (2014) indicated that the maximum pile group settlement is observed for the

case that the tunnels are excavated below the pile base (C/D=3.72).

Figure 2.16: Pile group tests layout by Ng et al. (2014)

Boonsiri and Takemura (2015a) used a concentric rigid boundary mechanical (RBM)

model tunnel within the centrifuge to study the pile group response to adjacent tun-

nelling in sand. The concentric rigid boundary mechanical model tunnel has the ability

to impose concentric uniform displacements around its circumference. 2 × 2 pile groups

with different pile lengths were used in the centrifuge tests, with a centre to centre pile

spacing of 50 mm. 20 mm thick stainless steel plate (pile cap) were used to connect the
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piles rigidly. The pile groups were held in place first, and then the sand was pluviated

to achieve a relative density of 80%. Figure 2.17 shows the test configuration by Boon-

siri and Takemura (2015a). Pile groups with different length, offset from the tunnel

and working load were tested under two C/D ratios (C/D=1.5 and 2.5). Based on the

measured pile settlement data, Boonsiri and Takemura (2015a) found that for all the

tests, the pile group located close to the tunnel settles more than the pile group located

further away from the tunnel. In addition, a pile group with a heavy working load shows

more settlement to the pile group with less working load under a given tunnel volume

loss.

Figure 2.17: Pile group tests layout by Boonsiri and Takemura (2015a)

In practice, a precise levelling monitoring technique was carried out by Selemetas (2005)

to measure the response of two piled structures due to tunnelling-induced ground move-

ments. The first structure is a three-storey steel-framed masonry building located be-

tween the two tunnel lines and the second structure is a reinforced concrete double box

piled structure located perpendicular to tunnel excavation direction. Based on the mea-

sured data and by comparing the piled structure settlement against the surrounding

ground surface settlements, Selemetas (2005) summarised that the magnitude of the

pile settlement is affected by the relative position of the pile base to the tunnel and

the induced tunnel volume loss. In addition, for the pile located in Zone A (defined by

Selemetas (2005), see Figure 2.10), the pile shows a similar magnitude in settlement to
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the subsurface settlement at pile base level under small tunnel volume loss. For piles

located outside Zone A defined by Selemetas (2005), piles showed a similar or lesser

settlement than the surrounding ground surface settlements.

So far, the reviews of piled structures tested within the centrifuge are mainly based

on pile groups that were rigidly connected via a solid pile cap. However, studies of

the structure stiffness effects on the response of the piled structure due to tunnelling

are limited. Centrifuge tests conducted by Franza and Marshall (2017) considered the

pile structure stiffness effects and the piled structure was replicated using an equivalent

aluminium plate. Figure 2.18 shows the testing configurations. The piled structure dis-

Figure 2.18: Pile group tests layout by Franza and Marshall (2017)

placement was measured from GeoPIV (Particle Image Velocimetry) and LVDTs. To

vary the structure stiffness, different thickness of the aluminium plates were selected.

The piled structures were pushed into the soil under 1 g condition and can be assumed

as a non-displacement pile (surrounding soil disturbances are small due to soil stress is

relatively small). Franza and Marshall (2017) summarised that the structure settlement

is affected by the relationship between structure stiffness and weight. At a given struc-

ture stiffness, an increase in structure weight will cause higher distortion. Figure 2.19

shows the modification factors in sagging and hogging zone against relative bending stiff-

ness ρp. From Figure 2.19, Franza and Marshall (2017) indicated that the increase in

structure stiffness or decrease in structure weight will cause less structure deformation.
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Figure 2.19: The computed MDR in (a) sagging (b) hogging from centrifuge test and
design lines provided by Franza and Marshall (2017)

2.2.5 Piled structure load transfer with tunnelling

Pile groups consisting of 2 × 1 (double pile group) and 3 × 1 (triple pile group) piles

were tested by Jacobsz (2003) in a geotechnical centrifuge in dry silica sand. The tests

configuration is shown in Figure 2.15. With the increase in tunnel volume loss, the pile

group starts to transfer the load from the pile base to shaft (mobilisation of the pile shaft

resistance), with further increase in tunnel volume loss, the shaft resistance reached the

maximum and the working load from the piles started to transfer from one to another.

This load transfer between the piles will cause the global pile to rotate and accelerate

the base load reduction for the pile located close to the tunnel.

Strain gauges were used for the centrifuge tests given by Ng et al. (2014) to measure the

axial force and bending moment along the pile during tunnel volume loss. For the test

of a tunnel excavated near the middle depth of the pile group (test SS C/D=1.47, see

Figure 2.16), shaft resistance at the upper portion of the pile reduced as the first tunnel

excavation face reached the pile group centre line, the pile load was then transferred

to the lower portion of the pile as well as the adjacent piles. A similar load transfer

mechanism was also identified in test TT (C/D=2.72). For test BB (C/D=3.72), after
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the first tunnel excavation face reached the pile group centre line, the pile located close

to the first excavated tunnel reduced pile end bearing capacity significantly, and shaft

resistance was mobilised at the upper portion of the pile.

For the centrifuge tests conducted by Boonsiri and Takemura (2015a), the measured

data suggested that the pile located close to the tunnel has a larger pile end bearing

load variation than the pile located further away from the tunnel during tunnel volume

loss. For piles with their base located in Zone B (zone defined by Jacobsz (2003)),

the end bearing load decreased with tunnelling. Boonsiri and Takemura (2015a) also

indicated that for the piles with their base located in Zone B and C (zone defined by

Jacobsz (2003)) negative skin friction is developed (pile settles less than the surrounding

soil) during tunnel volume loss.

So far, the reviews are focused on the centrifuge modelling of tunnelling underneath or

adjacent to piles. The piled structure described above was simplified as 1) an equivalent

beam, 2) rigidly connected, 3) individually loaded with no physical connections. Theses

simplifications could over or under-predicted the effect of structure stiffness on associated

pile settlement due to tunnelling. Therefore a more accurate approach to simulate

superstructure is required within the centrifuge modelling field, which is one of the

purpose of this research.

2.3 The use of protective structures to reduce tunnelling-

induced ground movements

As discussed from the previous sections, structures located close to the tunnels are likely

to be affected during the excavation of a tunnel. The ground movements due to tun-

nelling have a high potential to damage existing nearby superstructures or threaten the

serviceability of buildings. Therefore, it is vital to reduce structures from tunnelling

induced ground movements (uneven settlement of the structure due to tunnelling subsi-

dence). Various techniques are available for this purpose, such as compensation grouting,

cutoff walls, and structural jacking. For the research presented in this thesis, the focus

is on the cutoff walls (protective walls) are used to protect buildings from tunnelling-

induced damage, hence the review presented here is limited to this protective measure.
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2.3.1 Centrifuge study of using protective wall to control ground move-

ments

Bilotta (2008) used a series of aluminium diaphragm walls in centrifuge tests to assess

the effectiveness of diaphragm wall to reduce tunnelling-induced ground movements in

clay. The length, location and thickness of the wall, as well as the roughness of the soil-

wall interface was varied. Figure 2.20 shows the testing model geometry. The distance

between the tunnel invert and the base of the model box is one diameter of the tunnel

(50 mm), Bilotta (2008) suggests that such distance should be sufficient to have minimal

effect to the results. The aluminium mode wall has a unit weight of γ=27 kN/m3, which

is similar to the unit weight of the reinforced concrete. The walls are installed into the

soil as a “wished in place” wall, and the effect of the installation is out of the scope of

the work.

Figure 2.20: Model geometry tested by Bilotta (2008)

To quantify the effectiveness of the wall in reducing tunnelling-induced ground move-

ments, a dimensionless ratio η
Vl,t
bw was defined by Bilotta (2008) as:

η
Vl,t
bw =

Sref − Sbw
Sref

× 100% (2.17)

where Sbw is surface settlement immediately behind the wall (at the retained side of the

wall), and Sref is the greenfield settlement at the same location and tunnel volume loss

Vl,t.

Based on the centrifuge results, Bilotta (2008) summarised that the use of a diaphragm

wall could effectively reduce the soil settlements due to tunnelling, and the effectiveness

of the wall η
Vl,t
bw is mainly affected by its length.
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2.3.2 The use of pile walls in practice to protect buildings from tunnelling-

induced movements

In practice, a stiff pile wall has been used to protect sensitive buildings from tunnelling-

induced ground movements (Ledesma and Alonso, 2017). Based on the observation of

the building, as suggested by Ledesma and Alonso (2017) that with the use of stiff pile

wall, the effect of tunnelling on the sensitive structures is negligible. The geometry of

the tunnel, pile wall and structure is shown in Figure 2.21.

Figure 2.21: Geometry of the case given by Ledesma and Alonso (2017)

1.5 m diameter reinforced concrete piles were used to form the stiff pile wall, which has

a length of 41 m. The distance between the piles is 2.0 m, which leads to a 0.5 m gap

between the piles. A rigid pile cap beam was used to connect the piles. In addition, a

“counterfort” block was placed next to the pile cap beam, in order to reduce the lateral

movement of the pile cap beam, see Figure 2.21.

The tunnel volume loss due to the excavation of the tunnel using EPB is around

Vl,t = 0.5%, and Figure 2.22 shows the vertical settlement trough including the field

measurement data after the passage of the EPB and “long-term” measurement data.

In addition, the numerical model results are presented, where case A (solid black line)

does not consider the weight of the structure as well as the buildings on the other side

of the street, whereas case B (dashed black line) takes the weight of the structure and

buildings into consideration. Ledesma and Alonso (2017) pointed out that most of the
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measured ground movements were below the range of instruments accuracy, and the

impact of tunnelling-induced ground movements on sensitive structure was negligible.

Figure 2.22: Measured and computed vertical settlement given by Ledesma and
Alonso (2017)

2.4 Summary of the chapter

As discussed in Section 1.2, the scope of this research is limited to sand, and the lit-

erature reviewed in this chapter is mainly based on sand. Greenfield tunnelling was

reviewed first (Section 2.1). As discussed, the excavation of a tunnel will cause ground

movements, which are three-dimensional (see Figure 2.2). It is important to predict

and understand the ground movements, and this research is focused on the transverse

settlement. Several researchers have developed different methods (equations) to predict

the surface and subsurface transverse settlement based on field measurement data and

centrifuge test results. For centrifuge tests, tunnel volume loss is commonly simulated

by a flexible membrane (FM) model tunnel (Divall, 2013, Farrell, 2010, Franza, 2016,

Jacobsz, 2003, Loganathan et al., 2000, Marshall, 2009, Vorster, 2006, Williamson, 2014,

Zhou, 2015). Based on the equations developed by Marshall (2012), Franza et al. (2019)

further developed these equations, which considered the effect of soil relative density

and C/D, and the results showed great match with their centrifuge results (using FM

model tunnel). Another approach to simulate the tunnel volume loss is by using rigid

boundary mechanical (RBM) model tunnel (Katoh et al., 1998), and has been used to

study soil-structure interaction problems by Boonsiri and Takemura (2015a,b). Marshall

and Franza (2017) showed, based on the data from Boonsiri and Takemura (2015b), that

the set of equations provided by Marshall et al. (2012) for the prediction of settlement

width parameters does not always provide a good fit to data obtained using a concentric

RBM model tunnel. It was difficult to isolate a specific reason for the differences, since
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the variation of such factors as soil type, sample preparation method, and measurement

errors between the different studies inevitably affected results. However, Marshall and

Franza (2017) suggested that the different tunnel boundary conditions between the data

sets (FM in Franza (2016), Marshall (2009), Zhou et al. (2014) versus displacement con-

trol RBM lining in Boonsiri and Takemura (2015b)) was probably the most influential

parameter. It is important to have an understanding of the implications of the choice of

model tunnel adopted for these types of centrifuge tests, however a thorough evaluation

of this has never been conducted. This study aims to address this issue by investigating

the effect of the type of centrifuge model (i.e. flexible membrane FM or rigid boundary

mechanical RBM) used to simulate 2D tunnelling displacements.

The second section reviewed the tunnelling effect on piles and piled structures. Various

researchers studied pile settlement and associated load transfer along the pile during

tunnelling using a geotechnical centrifuge. In general, the main factors that could af-

fect the response of the pile during tunnelling are (1) pile installation methods (non-

displacement or displacement pile), (2) location of the pile tip relative to the tunnel,

(3) amount of load applied to the pile during tunnelling. The piled structure settlement

and deformation due to tunnelling, as well as the load transfer between the piles, were

reviewed. For centrifuge tests, the physical models of piled structures require some de-

gree of simplification compared to reality. For example, the superstructure (building)

was simplified as an equivalent beam/plate, or the piles are rigidly connected to by a

pile cap. Theses simplified physical models could over- or under-predict the contribu-

tion of superstructure to the global tunnel-pile-structure-interaction (TPSI) problem.

As a result, accurately simulating the superstructure is vital for the study of TPSI.

This research provides results from tests using coupled centrifuge-numerical modelling

(CCNM) (Idinyang et al., 2018), which will be discussed in Chapter 4.3.2. This hybrid

test method combines physical and numerical modelling in order to achieve an accurate

simulation of the TPSI problem.

The third section reviewed the use of protective structures to reduce ground movements

due to tunnelling. In practice, pile walls have been used to protect buildings from

tunnelling-induced damage. Bilotta (2008) conducted a series of centrifuge tests to

investigate the effectiveness of diaphragm walls to reduce tunnelling-induced ground

movement in clay, where the length, location, thickness and roughness of the wall was

varied. However, for centrifuge tests, the use of protective walls to protect buildings

from tunnelling-induced ground movements are limited. For this research, protective

walls were used with different embedded depths to investigate the effectiveness of the

protective walls in protecting piled structures from tunnelling-induced damage.
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Review of centrifuge modelling

technique

In this chapter , the current technical centrifuge technology and centrifuge modelling

technique in relation to model tunnels and piles are discussed. For the centrifuge tests

carried out in this research, the Fibre Bragg Grating (FBG) technique was used to

measure the axial force of piles and bending moment of model walls, therefore the basic

principle of FBG is presented.

3.1 Geotechnical centrifuge technology

Engineering application always involves complex soil behaviour as well as the interaction

with structures, protective walls, tunnels and piles. Field measurement and monitor-

ing or so-called site-based research is critical for these cases. However, the number of

projects available for site-based research are limited, and the cost associated with them

are generally high, and the site conditions are also hard to control. As a result, testing

scaled models under a controlled environment, which could replicate the real soil stress

condition, is generally accepted by the researchers. Geotechnical centrifuge testing al-

lows a scaled soil model to be tested under an elevated gravity to reproduce the full-scale

prototype soil stress condition. Once the model is accelerated in the geotechnical cen-

trifuge, gravity (g) is increased from normal gravity to N times gravity (Ng), and the

size of the soil model can be N times smaller than the prototype. For this research,

the University of Nottingham Centre for Geomechanics (NCG) 2m radius, 50 g-tonne

geotechnical centrifuge described by Ellis et al. (2006) was used.

32
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3.1.1 Scaling concepts

To increase the gravity from normal gravity (1g) to N times (Ng), the soil model in the

geotechnical centrifuge has to spin to a certain angular velocity (ω), where N can be

calculated as:

N = ω2Re/g (3.1)

where Re is the effective centrifuge radius and g =9.81 ms−2. Taylor (1994) summarised

the typical parameters considered in centrifuge tests associated with the scaling law

used, see Table 3.1.

Table 3.1: Centrifuge scaling laws by Taylor (1994)

Parameter Metric unit Scaling law (model/prototype)

Gravity m/s2 N
Length m 1/N
Area m2 1/N2

Volume m3 1/N3

Force N = kg m/s2 1/N2

Density kg/m3 1

Unit weight N/s3 N

Stress Pa=N/m2 1
Strain - 1

Bending stiffness, EI Nm2 1/N4

Axial stiffness, EA N 1/N2

During centrifuge spinning, the soil model experiences a non-linear variation of stress

profile, which is caused by the variation of the distance between soil depth and the

centrifuge rotation axis centre. Taylor (1994) suggested that to minimise the errors, the

effective centrifuge radius Re can be expressed as:

Re = Rt + (hm/3) (3.2)

where Rt is the distance between the soil surface to the centre of the centrifuge rotation

axis, and hm is the height of the soil model. As a result, for the soil with a density of

ρ , the model scale vertical soil stress (σvm) at depth (z) can be calculated as (Taylor,

1994):

σvm = ρω2z(Rt + z/2) (3.3)
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The equivalent vertical stress at prototype scale is:

σvp = ρNgz (3.4)

3.1.2 Scaling effects

As suggested by Kutter et al. (1994), for centrifuge model tests, it is important to use

the same material as in prototype (full scale), as it will keep the same soil properties

such as strength and modulus. However, by applying the scaling laws from Table 3.1,

the equivalent size of the soil particles in the prototype will be N times bigger than the

centrifuge model. As a result, when considering soil and structure interaction problems,

the relative size of the model structures to the average particle size of the soil will affect

the behaviour of soil in model scale. In order to ensure that the soil behaves in a similar

manner close to that of the prototype, Taylor (1994) suggested that a suitable value

of relative size between model structures and average soil particle size should be used,

which also depends on the structure type.

Kutter et al. (1994) conducted a series of centrifuge tests to investigate the collapse of

uniform sand into spherical cavities, which were created by the underground nuclear

tests in the prototype scale. These experiments as suggested by Marshall (2009) are

significance to the scenario of tunnelling in the sand under centrifuge environment.

From the tests, Kutter et al. (1994) indicated that a linear relation between normalised

volume (Vcr/Vci) (volume loss the crater created Vcr divided by the volume loss the

cavity Vci) is related to the ratio of diameter of the cavity (Dci) to the average size of

the soil particle (D50) under a semi-logarithmic plot. Due to the dilation of sand, the

normalised volume loss will be close to 1, and the linear relation for 30 < Dci/D50 <350

will not be validated with the additional increase in Dci/D50 value. Marshall (2009)

suggested for analysis of collapse condition, Dci/D50 value should be greater than 500,

but for study of the pre-collapse condition, the value of Dci/D50 can be lower. For the

tests conducted in this research, the Dci/D50 = 643

The effect of cone diameter (B) to the average grain size (D50) was studied by Bolton

et al. (1993) using miniature cone penetration test (CPT) probes in centrifuge model on

Leighton Buzzard sand. The miniature CPT tests are closely related to the centrifuge

pile jacking tests. Bolton et al. (1993) pointed out that cone tests in the sand could

produce an unbiased result if the B/D50 value is higher then 20, in general. For the

tests conducted in this research, the B/D50 is 642.
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3.1.3 Boundary effect

Bolton et al. (1999) conducted a series of centrifuge cone penetration tests in the sand, to

investigate the side boundary effect in a rectangular container. The tests were performed

in a 1200 mm × 800 mm rectangular box. The normalised distance S/B (between the

side of the wall to the location of the cone S, normalised by the diameter of the cone

B) varies from 33 to 2, and the results are shown in Figure 3.1. Based on the results, it

is believed that once the S/B value is greater than 10, the side boundary effect should

have minimal effect on the cone resistance. For the centrifuge tests conducted in this

research, the minimum S/B value is 6.8, hence the results are slightly overpredicted,

however conclusions made from this research are mainly based on relative results from

one test to another, where the boundary condition is consistent. Hence on relative terms,

the outcomes are valid and less affected by boundary effects.

Figure 3.1: The effect of side boundary given by Bolton et al. (1999)

3.2 Centrifuge modelling technology

Over the past 20 years, centrifuge modelling techniques have been developed signif-

icantly. In this section, centrifuge modelling technique developments related to tun-

nelling, piles and walls are reviewed. In addition, the basic FBG principle for strain

measurement is introduced.
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3.2.1 Modelling of tunnel volume loss

The early techniques used to simulate tunnel volume loss in centrifuge tests is by de-

creasing the internal pressure of a tunnel-shaped airbag (Atkinson et al., 1975). The

limitation of the pressurised airbag is that the air is compressible, which makes it diffi-

cult to measure the magnitude of the tunnel volume loss. As a result, Loganathan et al.

(2000) used silicone oil inside the model tunnel, which can be assumed incompressible

within the pressure range applied. The model tunnel used by Loganathan et al. (2000)

has an inner core made out of aluminium, a 0.5 mm thick 50 mm diameter membrane is

placed outside the aluminium core. To enhance the tunnel stiffness and ensure a uniform

tunnel volume loss across the length of the mode tunnel, a 0.5 mm thick PVC spring

was used to cover the cylindrical membrane face, and Figure 3.2 shows the model tunnel

layout. The tunnel volume loss was controlled by a syringe pump, which was driven by a

Maxon 70W DC motor. The DC motor has a built-in digital encoder, which can achieve

displacement control. The displacement of the syringe pump was calibrated against the

encoder count numbers to ensure consistent tunnel volume loss.

Figure 3.2: Details of the model tunnel used by Bolton et al. (1999)

A similar tunnel volume loss model technique was used by Jacobsz (2003), Vorster (2006)

and Marshall (2009), but the PVC spring was not used. In order to encourage a more

realistic tunnel volume loss shape, the model tunnel used by Marshall (2009) consists

of an eccentric shape inner core, where the soil displacements at the tunnel invert are

limited. The detailed layout of the model tunnel used by Marshall (2009) is shown
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in Figure 3.3. The eccentric shape model tunnel has been used by several researchers

(Farrell, 2010, Franza, 2016, Ritter et al., 2017, Williamson, 2014, Zhou, 2015).

Figure 3.3: Details of the model tunnel used by Marshall (2009)

Boonyarak and Ng (2015) developed a so called “donut” tunnel volume loss device,

which enables the simulation of tunnel advancement within a centrifuge. Two rubber

bags are used to simulate tunnel volume loss and weight losses, which are located outside

and inside of the aluminium alloy tube, respectively. Figure 3.4 shows the details of the

“donut” for simulating the tunnel volume and weight losses. The outer rubber membrane

and the inner rubber bag was filled with heavy fluid (ZnCl2), which has a same density

as the sand used in the tests. The tunnel excavation sequence is achieved by gradually

draining away the inner and outer heavy fluid in each “donut” subsequently.

Figure 3.4: Details of the model tunnel used by Boonyarak and Ng (2015)
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Another option to simulating 2D tunnel volume loss in the transverse plane is the use of

a rigid boundary mechanical (RBM) model tunnel. The RBM model tunnel can control

the deformed tunnel shape, and the soil displacements around the tunnel lining can be

predefined. An RBM model tunnel developed by Katoh et al. (1998) has been used by

several researchers to study soil-structure interaction problems (Boonsiri and Takemura,

2015a,b). The RBM model developed by Katoh et al. (1998) consists of a wedge-shaped

shaft and six rings. The six rings generated a circular shape and are covered by a

steel sleeve and rubber membrane. A screw jack is located at the tunnel centre line,

where the wedged shape shaft is connected to allow horizontal movement (inwards and

outwards). The screw jack is driven by a speed control motor, where detailed model

tunnel configurations are shown in Figure 3.5. The wedge shape shaft has six taper

angles, and the six rings are attached to the shaft. When the shaft moves outwards, the

six rings will move towards the tunnel centre line uniformly, hence the tunnel volume

loss is achieved. This RBM model tunnel imposes concentric uniform displacements

around its circumference.

Figure 3.5: Details of the model tunnel used by Boonsiri and Takemura (2015b)
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3.2.2 Modelling of piles

The model piles used by Loganathan et al. (2000) have an outer diameter of 8 mm and

7.24 mm inner diameter. Strain gauges were placed externally to measure the bending

moment and axial force along the pile. The half-bridge strain gauge layout was used to

measure the bending moment, where the temperature effect can be compensated, and

quarter-bridge was used for axial force measurement. The outer surface of the pile was

coated with epoxy, and the final outer diameter of the pile is 9 mm. Figure 3.6 shows

the detailed location of the strain gauges in “bending pile” and “axial force pile”. The

pile did not have the end bearing load measurement, but the axial force measured from

the strain gauge located close the pile tip, as suggested by Loganathan et al. (2000), can

be considered to have a close approximate to the pile end bearing load.

Figure 3.6: Model piles used by Loganathan et al. (2000): (a) “bending pile”,
(b)“axial force pile”

The model piles used by Jacobsz (2003) have a diameter of 12 mm, which were made

from aluminium alloy. The wall thickness of the model pile is 0.57 mm, and the pile tip

was fitted with a 60° conical shape cap. Axial load cells and radial stress load cells were

used to measure the axial force and lateral stress along the pile. The axial load cell was

made from a hollow cylinder, which has an internal diameter of 9 mm and 20 mm cover

length. The thickness of the wall for strain measurement area was 0.75 mm, and the full

bridge strain gauge was placed at the inner surface of the measurable area. The radial

stress cell has an “H” structure shape, and the strain gauges were located on both side

of the web, which has a thickness of 0.3 mm. The web was orientated vertically during



Chapter 3. Review of centrifuge modelling technique 40

assembly to avoid the cross-effect caused by pile bending deflection. Figure 3.7 shows

the detailed layout of the axial force and radial stress load cell used by Jacobsz (2003).

Figure 3.7: Axial force and radial stress load cell (Jacobsz, 2003)

The model piles used by Marshall (2009) were made from aluminium alloy, and only half

of the pile was represented (split vertically). The piles were placed against the perspex

window for PIV analysis. The outer diameter of the pile is 12 mm. Four strain gauges

were located at the outer surface of the pile, and the epoxy coating protected the strain

gauges. To measure the pile end bearing load, a 45° conical shape cap equipped with

a strain gauge was used. Figure 3.8 shows the detail layout of the model pile used by

Marshall (2009).

So far, the model piles reviewed were made from aluminium alloy. But some strain

gauges may not be capable of measuring the small strain due to tunnelling-induced

ground movements. To increase the pile’s sensitivity to tunnelling, hollow acrylic piles

were used by Boonsiri and Takemura (2015b). The acrylic model piles have a diameter of

10 mm, and the wall thickness is 1 mm. The acrylic material has a large yield strain but is

also very flexible. Boonsiri and Takemura (2015b) assumed that the pile deflection due to

tunnelling-induced ground movement is under its elastic range. The bending resistance

and axial rigidity of the acrylic model pile are less than the conventional aluminium

model pile, and Boonsiri and Takemura (2015b) summarised the pile properties in model

scale and prototype scale, see Table 3.2.

3.2.3 Principle of FBG sensors

For the centrifuge tests discussed in Chapters 6 and 7, FBG sensors were used to measure

the axial force of the pile as well as the bending moment along the protective wall. As

indicated by Kersey et al. (1997), that the basic principle of the FBG sensor is to measure
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Figure 3.8: Model pile used by Marshall (2009)

Table 3.2: Pile properties in model scale and prototype scale (Boonsiri and Takemura,
2015b)

Properties Model Prototype Prototype Prototype

Material Acrylic pile Acrylic pile Concrete pile Steel pile
Diameter 10 mm 1.0 m 1.0 m 1.05 m
Thickness 1 mm 0.1 m solid 0.0125 m

Young’s Modulus 3.2 GPa 3.2 GPa 20-28 GPa 200 GPa
Bending rigidity 0.93 Nm2 93 MNm2 980-1370 MNm2 1090 MNm2

Axial rigidity 90 KN 900 MNm2 16-22×103 MNm2 8150 MNm2

the shift in wavelength of the returned “Bragg” due to strain or temperature changes.

The Bragg wavelength is defined by Kersey et al. (1997):

λB = 2nΛ (3.5)

where Λ is the grating pitch and n is the effective index of the core. With a broadband

wavelength injected to the fibre, a specific narrow band spectrum is reflected by the

grating, and the transmitted light will be missing the spectral component, as illustrated

in Figure 3.9.

As suggested by Moyo et al. (2005), the value of n and Λ is affected by the physical
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Figure 3.9: Basic Bragg grating process based on Kersey et al. (1997)

elongation of the sensor (strain ε), temperature (T ) and pressure applied to the sensor

(P ). The amount of Bragg wavelength shift as given by Kersey et al. (1997) can be

calculated as follows:

∆λB = Kεε+KT∆T +KPP (3.6)

where Kε, KT and KP are the coefficients of the wavelength sensitivity to strain (ε),

temperature (T ) and pressure applied to the sensor (P ). Detailed FBG application will

be discussed in the next chapter.

3.3 Summary of the chapter

In this chapter, the first section reviewed geotechnical centrifuge technology in relation

to scaling concepts, scaling effects and boundary effects. The second section reviewed the

centrifuge technique in modelling tunnel volume loss and piles. As discussed previously,

the flexible membrane (FM) model tunnel has been widely used in the centrifuge to

simulate tunnel volume loss. The displacements around real tunnels have been shown

to take an eccentric shape, with greater displacement occurring at the tunnel crown

compared to the invert (Loganathan and Poulos, 1998). In order to encourage a more

realistic profile of displacement, Marshall (2009) modified the FM model tunnel to create

an eccentric shape, where soil displacement at the invert of the tunnel was limited. This

eccentric FM model tunnel has been applied in several subsequent centrifuge studies
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related to tunnelling (Farrell, 2010, Franza, 2016, Ritter et al., 2017, Williamson, 2014,

Zhou, 2015). Rigid boundary mechanical (RBM) model tunnels have also been used to

study the soil-structure interaction problems (Boonsiri and Takemura, 2015b). However,

the RBM model tunnel developed by Katoh et al. (1998) imposes concentric, uniform

displacements around its circumference. For this research, an RBM model tunnel was

developed that is able to induce an eccentric profile of ground displacements around

the tunnel, predominately near the crown. In addition, the third section reviewed the

centrifuge technique in modelling piles, most of the piles were modelled by aluminium

tubes, and conventional strain gauges were used to measure the axial force and bending

moment profile along the piles. Some of the drawbacks using conventional strain gauges

are that: 1) they are often large in size, and could interference the model pile interface,

2) there may be signal interference with each other, 3) lead wires could generate a

large bundle of wires, which could have a great influence on the model piles under

elevated gravity. For this research, optical fibre Bragg grating (FBG) sensors were used

to measure the axial force along the piles; it is believed that this research represents one

of the first applications of FBG sensors in a geotechnical centrifuge. As a result, the

basic principle of FBG sensors was briefly discussed in this chapter.



Chapter 4

Experimental methods,

equipment, and testing

configurations

4.1 Introduction

This chapter provides the detailed development of the centrifuge testing facilities for tun-

nelling, piled structures and protective walls as well as the numerical modelling proce-

dures using hypoplasticity constitutive model. In general, this thesis involves three main

centrifuge test packages: (1) greenfield tunnelling in sand, (2) effects of tunnelling on

piled structures and (3) the use of protective walls to protect buildings from tunnelling-

induced damage.

As a result, this chapter is structured based on the above three packages. For package 1,

the use of a newly developed eccentric rigid boundary mechanical (eRBM) model tunnel

is presented, and the associated displacements measurement and experimental methods

are discussed. Finite element analysis is used in this package to simulate greenfield

tunnelling, where the mesh, boundary conditions and constitutive model parameters are

discussed. For package 2, the application of the FBG (fibre Bragg grating) sensors in the

model piles are presented, and the newly developed pile loading system is introduced.

Detailed experimental methods and testing procedures are then provided subsequently.

Finally, in package 3, the use of protective walls and the associated testing methods and

instrumentation are discussed.

44
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4.2 Greenfield tunnelling in sand

A newly developed eccentric rigid boundary mechanical (eRBM) model tunnel was used

with three different tunnel depths (C/D ratio) to investigate the tunnelling-induced soil

displacements field. In addition, tested results using flexible membrane (FM) model

tunnels from various sources in the literature are compared against the eRBM model

tunnel data to study the effect of tunnel boundary (flexible or rigid boundary) on soil

displacements shape.

To obtain a better understanding of the relationship between soil movements and tun-

nel boundary conditions (i.e. displacement or pressure controlled), a series of two-

dimensional numerical analyses was performed to simulate eccentric displacement con-

trol (EDC), concentric displacement control (CDC), and flexible membrane (FM) model

tunnels, all under three different C/D ratios. The ABAQUS (Hibbitt, 2002) finite ele-

ment (FE) software was used. The hypoplastic constitutive model developed by Gudehus

and Maš́ın (2009), which can describe the non-linear behaviour of the granular materi-

als, was adopted. Results from numerical analyses are compared against centrifuge tests

data. In the centrifuge tests, g-level is not constant throughout the depth of the soil;

however, in the numerical analyses, it was assumed that g-level is constant.

4.2.1 Experimental programme

Three centrifuge tests were carried out on the University of Nottingham Centre for

Geomechanics (NCG) 2 m radius, 50 g-tonne geotechnical centrifuge. All the centrifuge

tests reported in this section were tested at a centrifugal acceleration of 80g.

Figure 4.1 shows the centrifuge package for greenfield tunnelling, which includes cen-

trifuge strong box, the soil, newly developed eRBM model tunnel and displacement

measurement devices. Table 4.1 summarises key features of the centrifuge tests for

greenfield tunnelling.

Table 4.1: Summary of the centrifuge tests performed at 80 g for greenfield tunnelling

Test label Cover depth C
(mm)

Diameter of the
tunnel D (mm)

Relative density
of the soil Id

GF1 117 90 ≈ 90%
GF2 180 90 ≈ 90%
GF3 216 90 ≈ 90%
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Figure 4.1: Strong box for greenfield tunnelling

The model tunnel has a diameter of 90 mm and is located 75 mm above the strong

box base, giving a clear distance of 30 mm between the bottom of the tunnel and the

strong box base. Zhou et al. (2014) conducted similar centrifuge tests, and suggested

that the soil movement below the tunnel invert is minimum, therefore it is believed that

30 mm clear distance between the tunnel invert and the strongbox base can isolate the

boundary effect. The centrifuge strong box was designed to allow the measurement of

sub-surface soil displacements using an image analysis technique; a transparent front

acrylic wall was located at the front of the box. The model strong box has an inner

width × height dimensions of 700 mm × 400 mm and is 150 mm wide. The thickness of

the acrylic wall and back aluminium wall was calculated to make sure that the average

lateral displacement caused by the static lateral earth pressure (K0=0.5 assumed) under

80g is less than 0.1% of the soil model height as suggested by Taylor (1994).

4.2.2 Simulation of tunnel volume loss

Figure 4.2 illustrates the newly developed eccentric RBM model tunnel. The eccentric

tunnel volume loss shape is achieved by controlling six segments that move towards the

tunnel centre line at different radial displacements; a maximum displacement of 1.4 mm

at the tunnel crown, 0.9 mm at the spring line, and zero displacements at the tunnel

invert can be reached. In practice, the use of a tunnel boring machine (TBM) or earth

pressure balance machine (EPBM) can achieve a tunnel volume loss around 0.5 − 1%,
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the model tunnel described in this thesis will cover the volume loss range to a extreme

cases with a maximum tunnel volume loss of approximately 3.5%.

Figure 4.2: Eccentric rigid boundary mechanical model tunnel

A single bi-directional screw shaft is placed at the tunnel centre line, fixed by two ball

screw supports located on either side (front and back) of the strong box. Two flange

nuts are secured on the screw shaft in opposite directions. Each flange nut is connected

with a hexagonal wedge-shaped shaft (see Figure 4.3). The hexagonal wedge-shaped

shaft consists of six faces with different taper angles, which are varied from 4° at the

tunnel crown to 0° at the tunnel invert. Six arch-shaped tunnel segments are connected

to the two opposing hexagonal wedge-shaped shafts via two linear guide rails to generate

the tunnel circumference. Each segment is equipped with two linear carriages, secured

to the opposing wedge-shaped shafts. The linear guide rail with linear carriage enables

the relative movement between the six segments and the two shafts along the taper

angle. A stepper motor linked with a 10:1 ratio gearbox drives the screw shaft via

a flexible coupler, which permits some degree of misalignment between the screw and

gearbox shafts. Tunnel volume loss is achieved by rotating the bi-directional screw shaft,

causing the two hexagonal wedge-shaped shafts to move apart from each other, and the

six segments to move towards the tunnel centre line. Due to the differences in taper

angle, the non-uniform tunnel boundary displacement profile is formed.

Figure 4.3 shows the positions of the six tunnel segments before and after tunnel volume

loss. Tunnel volume loss is calculated by measuring the radial displacement of each

segment, which is related to the horizontal displacement of the wedge-shaped shafts and

the taper angle (radial displacement=horizontal displacement × tan(taper angle)). The



Chapter 4. Experimental methods, equipment, and testing configurations 48

Figure 4.3: Eccentric rigid boundary mechanical model tunnel deformed shape

Figure 4.4: Cross check the tunnel volume loss measurement

displacement of the wedge-shaped shaft can be estimated from the number of signals

sent to the stepper motor (i.e. rotation of screw shaft). During each volume loss stage

(equivalent to 0.18% of tunnel volume loss), the screw shaft (with a 1/8 screw pitch) was

rotated by 450°, corresponding to 0.625 mm of horizontal displacement of the wedge-

shaped shaft. The displacement of the wedge-shaped shaft was further confirmed using

a Linear Variable Differential Transformer (LVDT) mounted in front of the strong box

(see Figure 4.1). Figure 4.4 shows the LVDT measurement and stepper motor estimation

of wedge-shaped shaft horizontal displacement during several volume loss stages. The

stepper motor estimation of displacement is shown to be a close match to the LVDT
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readings under the tested conditions. The maximum horizontal displacement of the

wedge-shaped shafts is around 20 mm.

A gap is created between adjacent segments that make up the tunnel circumference, as

illustrated in Figure 4.3, creating a “jump” between segments during tunnel volume loss.

The maximum size of the “jump” (at maximum tunnel volume loss) is around 0.3 mm.

The gaps are initially 2 mm (before tunnel volume loss) and vary with volume loss at

different rates for the various gaps. Copper strips were placed along the gaps in the

direction of the tunnel length to create a smooth tunnel surface, as shown in Figure 4.3.

The tunnel was then sealed within two latex membranes to protect it from soil intrusion

during tests; this also ensured a smooth variation of soil deformation was achieved across

the gaps.

4.2.3 Measuring displacements

For the greenfield tunnelling study, the soil displacements were measured via digital

image analysis; two Canon Powershot G10 Cameras were placed at the front of the strong

box (see Figure 4.1). Images were taken through the front acrylic wall during every

tunnel volume loss increments. A remote camera control software (PSRemote©) was

used to make sure the images taken from the two cameras were synchronised. GeoPIV-

RG (Stanier et al., 2015) was used to process the images taken by the cameras. The basic

principle of the GeoPIV-RG can be briefly summarised in the following two steps: (1)

calculate the displacement of the seed subset in pixel space, (2) then convert/calibrate

the subset pixel space displacement into objective space. As a result, the precision of the

geoPIV-RG measurement depends on the stated two steps, which are the accuracy of

soil displacement calculated in pixel space (“tracking”), and the accuracy of transferring

pixel space soil displacement into objective space (“translation”).

For the first step (“tracking”), the accuracy is affected by the subset size, lighting con-

dition and the distance between the camera and the soil. Under the centrifuge environ-

ment, the lighting condition and camera distance are fixed; the only factor that could

affect the “tracking” accuracy is the size of the subset. To assess the accuracy, two im-

ages were taken under the centrifuge environment (same lighting condition and camera

distance) with zero soil displacement, and the “tracking” standard error can be calcu-

lated by assessing by the displacements data (in both vertical and horizontal directions)

calculated by the GeoPIV-RG. In total, 172 subsets were used to calculate the standard

error, and Figure 4.5 shows the standard error with subset size in both vertical and

horizontal directions. With the increase in subset size, the standard error for “tracking”

reduced, suggesting that a larger subset size could perform a better “tracking” results,
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but for practical reason, the subset size of 100 pixels was used. A relatively large subset

size (140 pixels) could cause low soil displacement field resolution.

Figure 4.5: Standard error for tracking with subset size in pixel space

For the second step, the translation of soil displacements (“tracking” result) from pixel

space into objective space was facilitated by the control markers, which were hand

painted at the inner face of the front acrylic wall. As a result, the accuracy of the

objective space coordinate from each control marker will affect the performance of the

soil displacement translation (from pixel space to objective space). Therefore, the pho-

togrammetric calibration process described by Marshall (2009) and Zhou (2015) was

used to determine the objective space coordinates of the control markers. The basic

idea of this photogrammetric calibration (“calibration”) is by using a photogrammetric

grid with known objective space coordinates to calculate the object space coordinates

for each hand painted control markers. One of the challenges when performing the “cali-

bration” is that the photogrammetric target panel is smaller than the area of the control

markers (photogrammetric target panel cannot cover the entire control markers), which

means the calibration cannot be processed within a single image. This issue leads to

a multiple steps image calibration process, which requires taking multiple images that

contain two overlapping control markers in each image and then “stitching” the refer-

ence point coordinates together. For every two images contain the same overlapping

control markers, the relative coordinate of the reference points in the second image can

be related to the position of the control markers in the first image. In these tests, Solid-

works was used to “for stitching” the particular reference point coordinates into a single

global axis. Figure 4.6 shows the procedure of “stitching” in a schematic diagram. The

local objective space coordinates of the control points in every image were replicated

into SolidWorks and stored as a “plate”, and the stored ‘plates’ were combined via two

overlapping control markers afterwards. Eventually, the combined global coordinate was

developed.
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Figure 4.6: ‘stitch’ process using Solidworks

Marshall (2009) pointed out that a small amount of error is introduced in the global

coordinate after this “stitching” process. This is due to the two overlapping control

markers’ relative position calculated based on the two adjacent images are not identical,

which leads to an error when “stitching” them together. The error as suggested by

Marshall (2009) can be defined using the following equation:

ε = XCPi,imagei −XCPi+1,imagei+1
(4.1)

The error calculated from the Equation 4.1 only considered the horizontal direction. As

a result, the error ε can be further modified to consider both directions (vertical and

horizontal):

ε =
√

(XCPi,imagei −XCPi+1,imagei+1)2 + (YCPi,imagei − YCPi+1,imagei+1)2 (4.2)

Based on Equation 4.2, the maximum error is 0.026 mm, and the average error is

0.012 mm (for the process described above). It is noted that such error ε does not

imply the error to translate the soil displacements from pixel space into objective space

(‘translation’). To reduce the error ε, a larger photogrammetric grid panel can be used,
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which means less “stitching” process. In section 4.4.4, an A3 size printed photogram-

metric target panel is used to perform photogrammetric grid calibration, and the results

will be discussed in Section 4.4.4.

To assess the precision of the geoPIV-RG, two images were taken under centrifuge envi-

ronment with zero soil displacement. For the analysis, 11844 subset patches were used,

and the displacement (in the horizontal and vertical directions) for each patch was calcu-

lated. Figure 4.7 shows the histograms of the geoPIV-RG calculated soil displacements

in both horizontal and vertical directions. The horizontal displacements data provided

a standard division of 4.6 µm, and vertical displacements provided a slightly higher

standard division value of 6.4 µm. This level of precision is similar to that reported

by Marshall and Mair (2011), who examined GeoPIV (White et al., 2003) precision by

analysing seven images taken at elevated gravity when the soil displacement was not

expected (small vertical soil settlements are expected due to consolidation).

Figure 4.7: Histograms of displacement errors on (a) horizontal displacement and (b)
vertical displacement

4.2.4 Testing material and model preparations

Fine-Grained silica sand commonly knows as Leighton Buzzard Fraction E sand was

used for the tests, which has a typical average diameter of D50 of 0.14 mm and specific

gravity Gs of 2.65. The sand has a maximum (emax) and minimum (emin) void ratio

of 1.01 and 0.61, respectively, a coefficient of uniformity Cu of 1.58, and a critical state

friction angle φc of 33°. The relative density of the sand used for all the tests conducted

in this study is Id = 90%, which is equal to approximately 1603 kg/m3.

Samples were prepared by using the dry sand pouring technique in order to permit com-

parision with the work of previous researchers who had used the same method (Vorster

2006; Marshall 2009; Zhou 2015; Franza 2016; Farrell 2010). The tunnel was secured

within the strong box prior to sand pouring. To achieve a uniform sample around the
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model tunnel, the strong box was placed with the back wall facing downwards, allowing

the sand to be poured in the direction of the tunnel longitudinal axis, consistent with

the work of the earlier researchers. The sand was prepared according to a methodology

calibrated to achieve a relative density (Id) of 90%. After sand pouring, a thin layer of

dyed sand was placed uniformly on the top surface of the sample to increase the contrast

and to help the GeoPIV-RG tracking of soil displacements. The front acrylic window

was then bolted to the strong box, which was then rotated to its upright position. The

gearbox and stepper motor were then assembled, and the LVDT was placed at the front

acrylic window to measure the movement of one of the wedge-shaped shafts.

4.2.5 Testing procedures

The centrifuge package was spun to 80 g in stages of 10 g. Three stabilisation cycles

were then performed for each tests, whereby the model was spun from 80 g to 10 g and

then back up to 80 g. By measuring the displacement at the ground surface during

the stabilisation cycles, it was found that for the type of soil used in these tests, three

cycles were sufficient to obtain a consistent measurement of surface displacement from

10-80 g. The stabilisation cycles helped the sand to achieve consistency between the

tests by reducing localised high-stress zones (“hung-up” particles), thereby achieving a

more uniformly stressed soil. After three stabilisation cycles, the tunnel volume loss and

image acquisition procedures were started.

4.3 The effects of tunnelling on piled structures

In general, the complex non-linear soil and soil-pile interaction behaviour is modelled

within the centrifuge. However, for a structure, traditional simulation requires some de-

gree of simplification. For example, piled structures are modelled by rigidly connected

beams, or a constant load was applied to the pile groups to replicate the self-weight

of the superstructure. Such an approach could under- or over- estimate the structure

stiffness. Therefore, the associated pile responses during tunnel volume loss are not

correctly modelled. To overcome these limitations, Idinyang et al. (2018) developed

coupled centrifuge-numerical modelling (CCNM) method that the numerical model is

used to solve the structural domain, and the complex non-linear soil and soil-pile inter-

action behaviour is modelled within the centrifuge domain.

In this section, a newly developed CCNM system is presented, and the FBG sensors

are applied to measure the axial force along the piles. The subsequent sections intro-

duced the newly developed CCNM system in detail as well as the application of FBG
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sensors within the centrifuge to measure model pile axial force. Detailed experimental

procedures and testing methods are explained.

4.3.1 Experimental programme

Figure 4.8 shows the layout of the testing geometry and configurations. Four centrifuge

tests were conducted, and the key features are listed in Table 4.2 as: (1) pile loading

test (Test PL), (2) Constant load pile group test (Test CL), (3) pile group with the

consideration of structure stiffness and an ultimate tunnel volume loss of Vl,t=2.2 % (Test

CCNM1), (4) pile group with the consideration of structure stiffness and an ultimate

tunnel volume loss of Vl,t=3.2 % (Test CCNM2, test CCNM1 was stopped early because

of mechanical issues with the tunnel, hence repeated by test CCNM2).

Figure 4.8: Test layout in model scale : (a) Pile jacking tests, and (b) tunnelling next
to piled frame

4.3.2 Coupled centrifuge-numerical modelling (CCNM)

The CCNM system was originally developed by Franza et al. (2016). The CCNM sim-

ulation process for a framed building with a pile foundation is illustrated in Figure 4.9.

In general, tunnel, soil and piles are simulated in the geotechnical domain, and the

framed building is simulated in the structural domain (numerical model). The real-time

interface developed by Idinyang et al. (2018) is used to share the pile load (Pi) and

displacement (vi) between the two domains; the subscripts denote the row of the pile.

The CCNM modelling process can be summarised as follows: (1) In the centrifuge, the
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Table 4.2: Summary of the centrifuge tests performed at 80 g

Test label Final tunnel
volume loss Vl,t

Structure
stiffness †

Note‡

PJ NA NA PJ
CL 3.2% CL TPGI
CCNM1 2.2% F TPSI
CCNM2 3.2% F TPSI

† CL=constant load, F=structure with full stiffness
‡ PJ=Pile jacking, TPGI=tunnel-pile group interaction, TPSI=tunnel-pile-structure
interaction

initial pile head load (Pi) for each pile is applied by the actuator, which is determined

by the structure’s self-weight. One increment of tunnel volume loss ∆Vl,t is achieved

using the eRBM model tunnel. (2) The associated ground movements due to tunnel

volume loss cause the settlement of the piles (vi). (3) The pile displacements data (vi)

are sent to the numerical model through the real-time interface. (4) Based on the pile

displacements data vi, the numerical model calculates the modified pile head loads (P ′i ).

(5) The modified loads P ′i are then fed back into the centrifuge model through the real-

time interface, and the pile head loads are adjusted to the modified values using the

actuators (discussed in the next section). This process continues to cycle (process 2-5)

until a steady state is reached. The steady state can be determined by where the ∆P is

less than a certain value (∆P = P ′i −Pi). To ensure the cycling time is minimum, small

increments of tunnel volume loss are used. (6) Once the steady state is reached, tunnel

volume loss is increased, and the above process is repeated (process 1-6).

Figure 4.9: CCNM simulation process for a framed building with a pile foundation
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4.3.3 Pile loading system

The pile loading system is presented in Figure 4.10, which allows individual control

of each model pile using linear actuators. The control system was designed under the

LabVIEW environment that enables either force or displacement control of the piles.

The modular actuator system allows for easy adaptation of specific test configuration.

Each model pile is connected to an actuator via a loading shaft with a 5 kN in-line load

cell. A die spring (stiffness rate of 219 N/mm) is required between the driving actuator

and pile loading shaft to reduce the sensitivity of the load response to movements of

the actuator, which was necessary to ensure the control system remains stable (Franza

and Marshall, 2018). LVDTs are located at the base of the supporting frame with their

armatures resting on a plate fixed to the pile head. The linear actuators have a maximum

stroke of 40 mm with a 3 kN axial capacity.

Figure 4.10: Pile loading system layout

To evaluate the performance of the pile loading system, a series of load targets were sent

to the system to assess the reaction time under centrifuge environment (same model pile

and sand density as used for CCNM centrifuge tests). The load control system designed

under the LabVIEW environment is based on a Proportional, Integral, Derivative al-

gorithm (PID); to avoid load overshoot, the P value is used only. Figure 4.11 shows

the load versus time during load control testing. The target loads were chosen to be

similar to the model pile head load during the CCNM centrifuge test. Longer time was

required for a greater change in load, for example, 0.6 s was required for a 100 N load

change, and 0.05 s was required for a 2 N load change. For tunnelling applications, the
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maximum pile head load change in one tunnel volume loss increment (Vl,t ≈ 0.1% ) is

around 2.3 N; therefore, the pile loading system reaction time is between 0.05-0.1 s.

Figure 4.11: The load control response time under centrifuge environment

4.3.4 Steel frame structure model

The numerical model for the structure was developed using ABAQUS (Hibbitt, 2002)

and simulated a five-storey steel frame building designed for storage and machine plant

use, which gives most load to the piles compared with other type of building functions.

Building elements such as stairways, façade, and bracings were not considered into the

structural stiffness. A linear elastic constitutive model was used for the steel frame with

Young’s modulus E=2.11011 N/m2 in prototype scale and a Poisson’s ratio of µ=0.3.

The dimensions of the steel frame building as well as column and beam size, are given

in Figure 4.8 (prototype scale). The variable load applied to the building is based on

the Eurocode specifications (Gulvanessian et al., 2009) for storage building (7.5 kN/m2)

and the permanent load is 3 kN/m2, which gives a total load of 2364 kN for the two

inner piles and 1630 kN for the two outer piles (prototype scale).

4.3.5 Model piles and instrumentation

The pile modelled in the centrifuge tests is equivalent to a 0.8m diameter concrete pile

in prototype scale. An aluminium hollow cylinder was used to model the pile within

the centrifuge (model scale). Table 4.3 summarises the pile properties in model and

prototype scale. The concrete pile foundation can be briefly categorised into bored

piles, that the concrete is cast in the drilled borehole. As a result, for centrifuge tests,
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a non-displacement pile is modelled in this study (friction along the pile is not fully

mobilised). To increase the interface friction (fully rough interface), sand is bonded to

the shaft and tip of the model pile using the same sands as used for centrifuge tests

using epoxy and is consistent with the method given by Franza (2016), thus the final

pile diameter is 10.5 mm.

Table 4.3: Pile properties in model and prototype scale

Properties Real case Model Prototype

Material Concrete pile Aluminium Aluminium
Diameter 0.8 m 10 mm 0.8 m
Thickness Solid 1 mm 0.08 m
Young’s modulus 20-28 GPa 69 GPa 69 GPa
Bending rigidity 0.40-0.56×103 MNm2 20 Nm2 820 MNm2

Axial rigidity 10.0-14.1×103 MN 1952 kN 19.4×103 MN

FBG sensing system

FBG sensors were used within the centrifuge tests to measure the axial force along

the aluminium model piles, which is believed to be the first application of this instru-

mentation in centrifuge testing. The basic principle of FBG sensors was discussed in

Section 3.2.3. As noted in Section 3.2.3, the wavelength shift is affected by the physical

elongation of the sensor (strain ε), temperature (T ) and pressure applied to the sensor

(P ) (see Equation 3.6). Thus, there is a need to isolate the temperature and pressure

effect on the wavelength shift. For temperature isolation, one additional fibre Bragg

was used during centrifuge tests, which was not attached to the aluminium model pile,

and the wavelength shift for this Bragg was used to compensate the temperature effect.

For pressure isolation, as the FBG sensors were located inside the aluminium pile, and

during centrifuge tests, no pressure is applied to the surface of the FBG; therefore, the

pressure effect to the wavelength shift can be ignored for the tests stated herein.

As stated above, as the effect of temperature and pressure effect on wavelength shift

is isolated, the measurement of the wavelength shift can be directly correlated to the

elongation of the sensor strain ε, where ∆λB = Kεε. In order to measure the physical

strain of the aluminium pile, FBG sensors were attached to the internal surface of the

aluminium piles. Figure 4.12 illustrates the procedures involved to install the fibre inside

the aluminium pile. The flat clamp firstly fixed the aluminium pile. Then the fibre was

placed inside the pile, and one end of the fibre (connected to the FBG Interrogator) was

surrounded by a mini plastic tube to increase the rigidity of the fibre (prevent damage

of the fibre during tests). The UV cured adhesive (Permabond UV620) was used to

fixed the location where the fibre is going through the aluminium pile (see Figure 4.12

procedure (1)). The super glue (Loctite Super glue precision) was then used to adhere
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a small length of fibre inside the pile as indicated in the procedure (2), see Figure 4.12.

Once the super glue was fully curved, the other side of the fibre was clamped to the

modified micrometre terminal (procedure (3)). The modified micrometre can move

horizontally by rotating the end knob. By moving the modified micrometre outwards,

the fibre was “stretched” and fully contacted with the aluminium pile internal surface

(procedure (4)). FBG sensors need to fully contact with the aluminium pile to allow the

strain measurement from the aluminium pile, and the super glue (Loctite Super glue

precision) was applied along the fibre, followed by the UV cured adhesive.

Figure 4.12: FBG sensor installation procedure

FBG sensor calibration

The axial force along the pile can be calculated by:

F = EAεt

εt ∝ ε

ε = ∆λB/Kε

(4.3)
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where E and A is Young’s modulus and cross-sectional area of the aluminium pile,

respectively. εt is the strain of the aluminium pile. Strain measured from FBG (ε) is not

necessarily identical to the aluminium pile strain (εt), this is because the aluminium pile

strain is transferred from the aluminium pile to the FBG via adhesive. An alternative

way is to directly correlate the axial force along the pile with FBG wavelength shift

(∆λB). Figure 4.13 illustrates the model pile axial force calibration set up. A Global

Digital Systems (GDS) load frame was used to apply the axial compression force along

the pile. Each model pile contains 6 FBG sensors (3 on each side of the pile), which

are denoted B1-B6. A calibrated load cell was fixed at the top loading frame, where

a spacer was introduced between the calibrated load cell and pile tip to generate a

uniform pressure among the pile tip. The model pile was located at the centre of the

loading plate. The 5 kN load cell used to measure the axial force at the pile head during

centrifuge tests was fixed to the pile cap, and during FBG sensor calibration, the 5 KN

load cell was also calibrated. Below the 5 kN load cell, another spacer was used with a

rubber mat underneath to buffer the stiffness of the loading frame.

Figure 4.13: Model pile axial force calibration

Figure 4.14 (a) demonstrates the loading sequence to calibrate the FBG sensors. Each

model pile is calibrated three times, and each calibration consists of twelve loading in-

crements, and the maximum axial load applied to the model pile is 600 N (the maximum

pile axial load experienced in centrifuge test is around 400 N). The load for every incre-

ment is held for 10s using GDS load control before proceeding to the next increment.
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Figure 4.14 (b) shows the model pile 3 axial force with FBG (B4) wavelength shift

during one of the three calibrations. A linear line is fitted to the data, and the slope

KBi is obtained. As a result, the axial force along the pile for a particular FBG sensor

(Bi) can be calculated by:

Fi = KBi∆λBi + λOSi
(4.4)

where the subscript i is the FBG reference number (see Figure 4.13), and λOSi is the

wavelength offset. For each FBG sensor (Bi), the value of KBi is unique, which is

the relationship between the axial force and change in the wavelength shift ∆λBi . For

each model pile, three calibrations were conducted, and the average value KBi for each

FBG sensor (Bi) from the three calibrations was used to calculate the axial force during

centrifuge tests.

Figure 4.14: Model pile axial force calibration: (a) loading sequence; (b) Pile 3 B4

result

FBG sensor application in centrifuge tests

Four model piles were used to investigate the effect of tunnelling-induced soil displace-

ments on piled structures. FBG sensors were used to measure the axial force along the

model pile. The sensors were made from a single mode optical fibre. Each fibre contains

three FBGs written by an excimer laser (reflectivity of 90%) with a centre wavelength

of 1530, 1535, and 1540 nm or 1545, 1550, 1560 nm. Each pile contains two fibres

located on the opposite inner face of the pile. A four-channel commercial FBG inter-

rogator (CASSTK SAI-1122PF) capable of scanning wavelengths of 1525-1565 nm at a

frequency of 2 Hz was used to measure the FBG wavelength shifts during the centrifuge

tests. The FBG interrogator was mounted in the centrifuge cabinet and was exposed

to g-levels of 4-7 g during the tests. For each pile consisting of two fibres, a splitter

(coupler) was used, which gives an even split ratio from one input fibre (regardless of

input wavelength) to two output fibres; a detailed configuration is shown in Figure 4.15.
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To enable temperature compensation, one additional FBG was located close to the pile

head (pile 2 only).

The model pile discussed above contains two fibre cables and each cable was equipped

with three FBG sensors. The location of the FBG sensors and the FBG index (Bi)

is given in Figure 4.15. The calibration procedure discussed previously was conducted

using a uni-axial compression loading frame, where force measured from both sides of the

FBG sensors were assumed to be identical. For centrifuge tests involving tunnelling, it

is difficult to ensure the force measured on both sides of the pile are identical (bending

of the pile), hence the average reading of two FBG sensors located on both sides of

the pile (equal depth) was used to calculate the axial force. Therefore, three axial

force measurement points can be identified (denoted as S1 to S3, see Figure 4.15). For

example, for measurement point S1, the axial force is the averaged force measured by

B1 and B4.

Preliminary test of FBG sensors within the centrifuge

To verify the performance of the FBG sensors under centrifuge environment, four model

piles equipped with FBG sensors were placed inside the centrifuge strong box, with the

pile tip resting on a solid wood block. The centrifuge was then spun to the designated

speed (80 g), followed by three g-cycles (80 g to 10 g and back up to 80 g). A 5 N

constant load was applied to the pile head via the loading system. The weight of the

model pile is around 70 grams, at 80 g the total amount of forces at the pile tip was

around 57 N (self-weight of the pile combined with a 5 N pile head load). Figure 4.16

shows the testing specification and the expected axial force along the pile due to the

self-weight of the pile. As a result, the FBG sensors along the pile are expected to have

similar readings to the pile’s self-weight. Figure 4.17 shows the FBG sensors’ reading

after centrifuge acceleration, and the dashed line represents the theoretical self-weight

of the pile. The FBG sensors over-predicted the axial force along the pile. As mentioned

earlier, the strain measured from the FBG is not necessarily identical to the strain along

the aluminium pile. This is because the strain is transmitted through the glue (super

glue), and the glue is covered by the UV cured adhesive. It is believed that the UV

cured adhesive is over-coated around the FBG sensors’ location, and during centrifuge

acceleration, the increased self-weight of the UV epoxy could cause the glue to “drag”

the FBG sensors downwards (creating a greater compression strain). Therefore the axial

force along the pile is over-predicted.

As a result, the over-predicted value can be assumed as the FBG sensor’s load offset due

to the centrifuge acceleration. For the centrifuge tests carried out in Chapters 5 and

6, to calculate the absolute force for each FBG sensor, the load offset from each FBG

sensor was subtracted from the FBG sensor’s reading.
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Figure 4.15: Centrifuge setup for FBG sensors and interrogator

Figure 4.16: Verify FBG sensors under centrifuge environment
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Figure 4.17: FBG sensors’ reading under centrifuge environment

4.3.6 Testing material and model preparation

Fraction E Leighton Buzzard sand was used for the tests, where detailed specifications

have been given in Section 4.2.4. Soil samples were created using the dry sand pouring

technique, which is consistent with the procedure described in Section 4.2.4. After sand

pouring, the strong box was rotated to its upright position, and the model piles were

installed. To replicate non-displacement piles, the piles were pushed into the sand at

1 g, starting with the pile closest to the tunnel and moving outwards. A support frame

was used to ensure the pile was pushed vertically, which was temporarily connected to

the strong box side wall. Figure 4.18 shows the pile installation procedures. The model

pile (contains a load cell and connector) was firstly connected to a steel rod, which was

held by a linear motion bearing (ensure vertical displacement). Once the model pile was

located to its designated position, the steel rod was then hand pushed downwards to

the amendment depth Lp=140 mm. The pile installation procedure is conducted under

1 g; due to the low-stress condition around the soil, hence the disturbance of the soil

during pile installation is believed to be minimum, and since the method is consistent

between the tests, such effect is considered to be secondary. The steel rod was then

disconnected from the pile connector and re-connected to the second pile, and the above

procedure was repeated. Once all the piles were installed to the designated position

and amendment depth, the support frame was disassembled. The pile loading system

was then fixed at the top of the strong box, and the model piles were connected to the

linear actuators. The tunnel volume loss control system (gearbox and stepper motor)

and LVDTs were then installed.
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Figure 4.18: Model pile installation procedure

4.3.7 Testing procedures

A constant 5 N vertical load (model scale) was maintained at the pile head (load con-

trolled) during centrifuge spin-up to 80 g. This was done to ensure minimum relative

displacement occurred between the soil and pile during spin-up (if fixed in place during

spin-up, the soil would settle more than the pile). Three stabilisation cycles (going from

80 g to 10 g and back to 80 g) were performed to encourage a uniform stress distribution

within the soil body and to improve repeatability between tests. During these cycles the

pile load remained at 5 N. The piles were then loaded to the designated working load

(255 N for outer piles 1 and 4, and 370 N for inner piles 2 and 3; refer to pile number-

ing in Figure 4.8) in 50 N stages, starting with pile 1 and moving sequentially to pile

4. For test CL (structure with zero stiffness), these initial pile loads were maintained

throughout the volume loss process. For test CCNM1 and 2 (structure with stiffness),

the real-time interface was activated, followed by the initiation of ABAQUS (simulating

the steel frame structure). This final step gives control of the pile loads in the cen-

trifuge to the ABAQUS program, which takes in measurements of pile displacements

from the centrifuge and outputs new pile loads based on the outcomes of the structural

numerical simulation; the pile loads were then passed back to the control system, and

the load on the piles was adjusted accordingly. The tunnel volume loss (Vl,t) process

was then started, increasing up to Vl,t ≈ 2.2% for test CCNM1 and Vl,t ≈ 3.2% for test

CCNM2 with small increments of approximately 0.1% (the time interval between two

small increments is approximately 30s).
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4.4 The use of protective structures to protect buildings

from tunnelling-induced damage

Tunnelling close to a pile foundation can cause uneven pile settlement, therefore threat-

ening the serviceability of the piled structure. To protect structures from the tunnelling-

induced damage, protective structures are used in this study. The purpose of the protec-

tive structure is to reduce the tunnelling-induced ground movements and the potential

tunnelling-induced superstructure damage.

For all four tests, the eRBM model tunnel was used to simulate tunnel volume loss,

the CCNM system described in Section 4.9 was used to simulate the superstructure

(identical superstructure as described in Section 4.3.4), and two cameras (Dalsa genie

nano-m4020) with 12.4 Megapixel resolution were used to capture the images during

each tunnel volume loss. Soil displacement data observed were processed by geoPIV-RG

to investigate the ground movement mechanisms. Tests results also include the bending

moment measurement along the walls using FBG sensors; the detailed configurations and

location of the FBG sensors along the walls are discussed in the following subsections.

4.4.1 Experimental programme

Four centrifuge tests were conducted to analyse the effect of protective walls to the

tunnelling-induced damage of piled structures. Figure 4.19 shows the testing layouts.

Table 4.4 summarises the testing details. A newly developed strong box was used for

the centrifuge tests described in this section. Unlike the previous strong box used for

greenfield tunnelling (see, Figure 4.1), the inner height of the strong box was increased,

therefore the greenfield tunnelling test was repeated and denote as test GF. Test CCNM3

tested the piled structure with tunnel volume loss, and the protective walls were not used

(repeat of test CCNM2). For test CCNM-R-S and CCNM-R-L, two different lengths

of protective walls were used, with an embedment depth of 207 mm and 297 mm, re-

spectively. The tests only considered the situation that the protective structures were

located 55mm away from the tunnel centre line with a rough surface (to replicate non-

displacement secant pile walls).

The newly developed strong box has an inner width× height dimensions of 700 mm× 500 mm

and is 150 mm wide. As the height of the box increased, to ensure the lateral soil dis-

placements at the front acrylic window and back aluminium wall under 80 g are less

than 0.1% of the soil model height, the thickness of the front acrylic window and back

aluminium wall were increased. Figure 4.20 shows the centrifuge strong box used for the

centrifuge tests. The model tunnel has an initial diameter of 90 mm, which is located
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Figure 4.19: Testing layout in model scale

Table 4.4: Summary of the centrifuge tests performed at 80 g

Test label Final tunnel
volume loss Vl,t

Structure
stiffness †

Length of
the wall Lw

GF 2.8 % GF NA
CCNM3 2.8 % F NA
CCNM-R-S 3.1% F 207 mm
CCNM-R-L 3.0% F 297 mm

† F=Structure with full stiffness, GF=Green field

175 mm above the strong box base, and provided a 130 mm clear distance between the

bottom of the tunnel and strong box base. The “long” protective wall has an embedded

depth of 297 mm and a clear distance of 85mm between the toe of the wall and the

strong box base.

4.4.2 Model piles and instrumentation

The model piles used for the tests presented in Chapter 6 are identical to the piles

discussed in Section 4.3.5. The properties of the piles are summarised in Table 4.3.

After the centrifuge tests conducted in Chapter 5 (see Table 4.2), four piles were re-

calibrated using the method described in Section 4.3.5. Figure 4.21 shows the KBi values

from Each pile based on the initial calibration (first time calibration prior to centrifuge
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Figure 4.20: Strong box for protective wall centrifuge tests

test presented in Chapter 5) and secondary calibration (second time calibration, after

centrifuge test presented in Chapter 5 ). Each pile has 6 FBG sensors, the location and

index i for each sensors were shown in Figure 4.15. From Figure 4.21, it can be seen

that for Each pile, the KBi values are not consistent. This is because the KBi value is

highly dependent on the amount of super glue and UV adhesive applied on each FBG

sensors (ability of transferring aluminium pile strain εt into FBG measured strain ε).

Since the super glue and UV adhesive are coated manually, it is difficult to achieve a

uniform coating profile along the fibre. In addition, the value of KBi changed between

the two calibrations. The KBi values changed most for pile 1 when compared with the

other piles. Piles 2 3 and 4 show relatively small changes in KBi values between the two

calibrations, apart from FBG i=1 in pile 4. The fibre end was located extreme close to

the pile tip cap, it is believed that the pile cap may physically affect the initial position

of the fibre end under a high compression force. Therefore the FBG sensors located

closest to the pile end (FBG i=1 and 4) may be affected. Similar changes (increase in

KBi values) can be identified in pile 1 FBG i=1 and 4, which were located closest to

the pile tip. Therefore, the axial force at the pile end may not be measured accurately,
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but the effect stated above is consistent between the tests.

Figure 4.21: FBG calibration results

4.4.3 Model walls and instrumentation

A cast-in-situ pile wall has been used in practice to protect buildings from tunnelling-

induced damage (Di Mariano et al., 2007, Ledesma and Alonso, 2017). An aluminium

plate with a thickness of 10 mm was used within the centrifuge to simulate a 0.8 m

diameter concrete pile wall (secant pile wall, regardless the curvature across the wall) in

prototype scale. The width of the centrifuge model box as discussed in Section 4.2.2 is

150 mm. The model wall has a width of 148 mm, and two PTFE strips (1 mm thickness)

were used on either side of the wall to reduce the interface friction. Fraction E sand was

bonded to the front and back side of the wall to increase the friction between the sand

and wall interface (same approach as described in Section 4.3.5). The properties of the

wall in model and prototype scale are summarised in Table 4.5.

FBG sensing system

As discussed in Section 3.2.3, the wavelength shift of the FBG is affected by the physical



Chapter 4. Experimental methods, equipment, and testing configurations 70

Table 4.5: Protective wall properties in model and prototype scale

Properties Real case Model Prototype

Material Concrete Aluminium Aluminium
Thickness 0.8m 10mm 0.8m
Width 11.8m 148mm 11.8m
Young’s modulus 20-28 GPa 69 GPa 69 GPa
Bending rigidity 10-14×103MNm2 851 Nm2 34.8×103MNm2

elongation of the sensor (strain ε), temperature (T ) and pressure applied to the sensor

(P ). Section 4.3.5 has discussed the temperature compensation procedure. A brass U-

channel was used to cover FBG sensors installed on the protective walls, to protect the

fibre from soil confining pressure, see Figure 4.22. The FBG fibre installation procedures

can be summarised as follows: (1) A 1 mm depth 1.5 mm width slot was machined on

the aluminium surface, and (2) FBG fibre is then located in the middle of the slot and

was coated by super glue, (3) then the brass U-channel was installed, and the gaps were

filled with super glue to ensure the U-channel is permanently fixed inside the slot. The

depth of the slot is greater than the diameter of the fibre to ensure enough clearance

space between the fibre and the U-channel. As a result, during the centrifuge tests, the

soil confining pressure was taken by the brass U-channel. Two fibres located on both

sides of the wall were used to measure the bending moment along the depth of the wall.

The bending moment measurement positions are located in the middle of the wall and

37.5 mm away from the edge of the wall.

Figure 4.22: FBG sensor installation for aluminium plate

FBG sensor calibration

The bending moment of the wall located at each FBG sensors’ location can be directly

correlated with the FBG wavelength shift (∆λB). Figure 4.23 presents the bending
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moment calibration procedures. Two aluminium angles were used to support the model

wall. The steel rod was placed on the top of the model wall. A rubber strip was placed

underneath the rod to ensure the load applied can be evenly distributed across the

width of the aluminium wall. Two cable ties were used to transfer the load from the

mass hanger to the steel bar. The distance between the two cable ties to the centre

line of the aluminium wall is identical; as a result, the force from the two cable ties is

equal. Three loading locations were used to conduct the calibration, which is 90, 130 and

180 mm away from the support position (see Figure 4.23). For each loading locations,

three loading cycles were conducted, and for each loading cycles, weight was added to

the mass hanger by 1 kg increments up to a maximum weight of 13 kg. Once three

loading locations were calibrated, the model wall was flipped over with Side B facing

upwards, and the calibration procedure described above were repeated.

As stated above, the bending moment at the FBG sensor’s location is directly correlated

to the FBG wavelength shift (∆λB). Five bending moment measurement locations (five

FBG sensors along the fibre) were adopted, which were denoted as P1−P5. For example,

during the calibration process with the wall Side A facing upwards, the FBG sensors

located at the Side A was under compression, and the FBG sensors located at the Side B

was under extension. Therefore, the change in wavelength (∆λBPi) at the measurement

location Pi equals to the sum of the change in wavelength shift from both FBG sensors

(∆λBPi=|∆λBPiA|+|∆λBPiB|). Where the subscript i is the FBG sensors locations

index (i = 1− 5), and the subscript A or B is the wall side A or B. For sign convention

purpose, the change in wavelength shift ∆λBPi is in a negative value when the calibration

is conducted with wall Side B facing upwards (see Figure 4.23).

Figure 4.24 shows the change in wavelength ∆λBP3 (for position P3) with bending

moment. A linear line can be fitted into the data, and the gradient of the linear line

KBPi was obtained. Therefore, the bending moment for a particular FBG location (Pi)

can be calculated as:

Mi = KBPi ×∆λBPi (4.5)

Aluminium model wall application in centrifuge tests

Two aluminium model walls were tested, the dimensions of the wall and locations of

the FBG sensors are presented in Figure 4.25. As stated above, the length of the wall

is 148 mm, and PTFE strips with a thickness of 1 mm were attached on both side of

the wall to decrease the interface friction. Two clear plastic strips were attached on

the edge of the aluminium model wall in an attempt to prevent the sand particles from

getting stuck into the interface. Only half a width of the plastic strip was bonded on the

aluminium wall edge, with the other half free to move (see Figure 4.26). The free to move
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Figure 4.23: Bending moment calibration for FBG sensors

plastic strip end is then slightly bent outwards, which should encourage the free end to

contact with the acrylic window. Once the free end was fully attached to the acrylic

window, the sand pouring process can be started. Due to the use of protective wall, the

front acrylic window was faced downwards during sand pouring, which is different from

the strong box orientation for tests related to in Chapters 4 and 5 (back aluminium wall

facing downwards). Figure 4.26 shows the interface front view after the sand pouring.
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Figure 4.24: Change in wavelength ∆λBP3 with bending moment

Figure 4.25: Locations of the FBG sensors for both model walls

4.4.4 Soil displacements measurement

For the centrifuge tests described in this section, two cameras (Dalsa nano-m4020) were

used to track the soil displacements. The cameras used in this section are different from

the cameras presented in Section 4.2.3. As a result, the precision of the geoPIV-RG

described in Section 4.2.3 needs to be re-assessed. The accuracy of soil displacements

calculated in pixel space (“tracking”), and the accuracy of transferring pixel space soil

displacement into objective space (“translation”) are analysed.

The accuracy of “tracking” using the new cameras is evaluated first. Two images were

taken under centrifuge environment (same lighting condition and camera distance) with

zero soil displacements, and the standard error of the soil displacements is calculated.

Figure 4.27 shows the vertical and horizontal directions standard error with subset size

using the new cameras, and the standard errors from the old camera (Canon G10) are



Chapter 4. Experimental methods, equipment, and testing configurations 74

Figure 4.26: Interface between the acrylic window and aluminium model wall

also included. In general, the standard error using the new cameras is slightly less than

the errors from the old cameras. With the increase in subset size, the value of the

standard error in both directions reduced. Thus, the subset size of 80 pixels is used for

the analyses in Chapter 6.

Figure 4.27: Standard error for tracking with subset size in pixel space using new
camera (Dalsa nano-m4020)

The hand-painted control markers located at the new acrylic window need to be cali-

brated first. The photogrammetric calibration process discussed in Section 4.2.3 involves
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multiple step “stitching”, because the the size of the photogrammetric target panel can-

not cover the entire control markers. As indicated by Marshall (2009), a small amount

of error is introduced when the coordinate of the control markers calculated from each

image is “stitched” together (see Section 4.2.3 for detail). To eliminate this error, an A3

size printed target panel was used to perform the calibration. Despite the fact that the

precision of the printed targets may be less than the photogrammetric target panel used

previously, the error caused by “stitching” can be eliminated. To assess the precision

of the geoPIV-RG based on the current camera setup and control maker calibration,

two images were taken with zero soil displacements. For the assessment, 53260 subset

patches were used, and the displacement of each patch was calculated by tracking the

displacement in pixel space, and then translating the pixel space displacement into ob-

ject space based on the hand-painted control markers’ object coordinates, which were

calibrated using an A3 size printed target panel. Figure 4.28 shows the histograms of

the measured soil displacements in both horizontal and vertical directions. The stan-

dard deviation for horizontal displacements is 1.57 µm, and for vertical displacement is

1.77 µm. This level of precision is higher than the previous camera setup (Canon G10,

horizontal displacement is 4.6 µm and vertical displacement is 6.4 µm).

Figure 4.28: Histograms of displacement errors on (a) horizontal displacement and
(b) vertical displacement using new camera

4.4.5 Model preparation

The strong box was placed with the front window facing downwards, allowing the sand to

be poured in the direction of the longitudinal tunnel axis. The tunnel was then secured

within the strong box. The aluminium model wall described previously (subsection 4.4.3)

was placed on the acrylic window, and the clear plastic strips’ free end was fully attached

to the acrylic window. Two temporary supports were located inside the strong box to

prevent the sand from spreading during sand pouring, and the supports could help the
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aluminium model wall remain in an upright position. Prior to sand pouring, a thin layer

of dyed sand was placed uniformly on the surface of the acrylic window. The sand was

then prepared according to a methodology calibrated to achieve a relative density (Id) of

90%. After sand pouring, the residual sand located between the two clear plastic strips

was removed (see Figure 4.29). The back wall of the strong box was carefully placed

on the top of the strong box to make sure that the two clear plastic strips were fully

attached to the back wall inner surface. The back wall was then bolted to the strong

box, which was rotated to its upright position afterwards.

Figure 4.29: Sand sample preparation and the location of the model wall

The temporary supports (see Figure 4.29) were disassembled, and the support frame

used for model pile installation (described in Section 4.3.6) was fixed to the strong box.

The model piles were pushed at 1g into the sand, where detailed model pile installation

procedures has been discussed in Section 4.3.6. Once the piles were installed to the

designated position and depth, the pile loading system was connected to the model

piles, and the FBG fibres were connected to the interrogators, which were located inside

the centrifuge data acquisition system (DAS) cabinet. Two interrogators (SmartScan

S-SBI-04-F-C, CASSTK SAI-1122PF) were used to measure the axial force along the

model piles and the bending moment along the model wall, respectively. Figure 4.30

shows the location of the two interrogators.

4.4.6 Testing procedure

A constant 5N vertical load was maintained at the pile head (load controlled by the

loading system) during centrifuge spin-up to 80g. The cameras took images during

centrifuge spin-up. Three stabilisation cycles were performed. The piles were then
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Figure 4.30: Locations of the two interrogators

loaded to the designated working load, where detailed loading sequence and magnitudes

have been discussed in Section 4.3.7. The real-time interface was then activated, followed

by the initiation of the ABAQUS (simulating the steel frame structure). Tunnel volume

loss process was then started with a time interval of approximately 30s, and during each

increment (≈ 0.1%Vl,t) images were taken by the cameras.

4.5 Chapter summary

This chapter summarised the testing layout, testing equipment and experimental meth-

ods. In total, three centrifuge testing packages were discussed, which are greenfield

tunnelling in sand, the effect of tunnelling on piled structure, and the use of protective

structures protective walls to reduce the effect of tunnelling on buildings.

For the first testing package, the newly developed eRBM model tunnel was used to

simulate tunnel volume loss. The testing material and model preparation, as well as the

testing procedures, were described.

For the second testing package, a modified CCNM system was developed (pile loading

system), and the FBG sensors were used to measure the axial force along the model piles.

The performance of the pile loading system was evaluated. Detailed FBG sensor appli-

cations under centrifuge environment were introduced, including the calibration process

and FBG sensor installation methods. The model preparation and testing procedures

were then discussed.

For the third testing package, FBG sensors were used to measure the bending moment

along the protective walls. The FBG sensor installation and calibration process were

presented followed by the model preparation and testing procedures.
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This research involves some important novel experimental developments, which are: 1)

an eccentric rigid boundary mechanical (eRBM) model tunnel, 2) further improved the

current coupling centrifuge numerical modelling (CCNM) technique, 3) development

of a modular actuator system with the ability to conduct load/displacement control,

4) integrated fibre Bragg Grating (FBG) sensors within the geotechnical centrifuge to

measure the axial force of the model piles as well as the bending moment of the model

walls.



Chapter 5

Tunnelling in sandy ground

5.1 Introduction

Tunnel construction in urban areas often occurs close to existing foundation systems

or infrastructure, such as pile groups, retaining structures, and pipelines. Understand-

ing the impact of tunnelling-induced ground movements on these critical systems is an

important stage during tunnel design or risk assessment processes.

Centrifuge modelling has been used extensively as a tool to study soil movements caused

by tunnelling because of its ability to reproduce full-scale soil stress profiles within re-

duced scale models. Evaluating the effect of tunnelling-induced ground movements on

structures is undoubtedly a three-dimensional (3D) problem. Detailed simulation of the

3D interactions between tunnel construction and existing structures can be achieved in

a centrifuge (e.g. Ng et al. (2013), Nomoto et al. (1999)), however the most common

modelling technique considers displacements in the two-dimensional (2D) plane trans-

verse to the tunnel direction (i.e. the plane-strain condition representing displacements

a certain distance behind the excavation face). The modelling of the 2D plane strain

scenario in the transverse plane is the focus of this chapter.

One of the early techniques used to simulate the effect of tunnel volume loss in centrifuge

tests involved decreasing the internal pressure of a tunnel-shaped airbag (Atkinson et al.,

1975, Hagiwara et al., 1999, Potts, 1976). Tunnel volume loss, Vl,t, is a measure of the

ground movement caused by tunnelling and is defined as the ratio between the ground

loss at the tunnel periphery and the final tunnel cross-sectional area, expressed as a

percentage. A limitation of the pressurised airbag technique is that the compressibility

of air makes it difficult to assess the magnitude of tunnel volume loss. This limita-

tion can be eliminated by replacing the air with water or oil (which may be assumed

79
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incompressible within the range of applied pressures). A concentric fluid-filled flexible

membrane (FM) model tunnel has been used by several researchers (Jacobsz, 2003, Lo-

ganathan et al., 2000, Vorster et al., 2005); the concentric system implies the flexible

membrane is sealed onto a shaft located centrally within the membrane. For fluid-filled

FM tunnels, the deformed tunnel shape is somewhat unknown. As discussed in Marshall

and Franza (2016) and Ritter et al. (2017), the shape of the tunnel lining is controlled

by the equilibrium condition between the pressures from the soil and the fluid within

the tunnel. Displacements around real tunnels have been shown to take an eccentric

shape, with greater displacements occurring at the tunnel crown compared to the base

(invert) (Loganathan and Poulos, 1998). In order to encourage a more realistic profile

of displacement, Marshall (2009) modified the flexible membrane model tunnel to create

an eccentric shape, where soil displacement at the invert of the tunnel was limited. The

eccentric model tunnel system has been applied in several subsequent centrifuge studies

related to tunnelling (Farrell, 2010, Franza, 2016, Ritter et al., 2017, Williamson, 2014,

Zhou, 2015).

Another option for simulating 2D tunnel displacements in the transverse plane is the

use of a rigid boundary mechanical (RBM) model tunnel. With RBM model tunnels,

the deformed tunnel shape, and by implication the soil displacements around the tunnel,

are known. An RBM model tunnel was developed by Katoh et al. (1998) and has been

used by several researchers to study soil-structure interaction problems (Boonsiri and

Takemura, 2015a,b). This mechanical tunnel imposes concentric, uniform displacements

around its circumference. Shahin et al. (2011) presented a tunnelling device with 12

segments that move vertically downwards and converge towards the tunnel centre during

the tunnel volume loss process, achieving a fixed tunnel invert during tunnel volume

loss, however the device was not used within a centrifuge. In order to better replicate

in a centrifuge the real displacements that occur around shallow tunnels (according to

Loganathan and Poulos (1998)), Song et al. (2018) developed an RBM model tunnel

that is able to induce an eccentric profile of ground displacements around the tunnel,

predominately near the crown. 0.69

In this chapter, three centrifuge tests are conducted using a newly developed eccentric

rigid boundary mechanical (eRBM) model tunnel with cover to diameter (C/D) ratios

of 1.3, 2.0 and 2.4. Figure 5.1 presents the testing layout. Experimental results are used

to explore the effect of the different tunnel boundary conditions on resulting ground

deformations.
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Figure 5.1: Test layout in model scale

5.2 Interpretation of measured results

5.2.1 Effect of model tunnel on initial conditions

Before considering tunnel volume loss in detail, it is of interest to investigate the effect

of the increased self-weight of the soil in the centrifuge on the soil displacements around

the flexible and mechanical model tunnels (i.e. the effect of centrifuge spin-up). For FM

model tunnels, the internal tunnel pressure was set to an approximation of the vertical

overburden pressure at the tunnel axis depth. The difference in self-weight and lateral

earth pressure between the soil and water (K0 = 1 for water; K0 assumed to be 0.5

for soil) will cause an imbalance of stresses in the region around the model tunnel (also

discussed by Ritter et al. (2017)). For the eRBM model tunnel, the tunnel lining was

fixed in place (displacement controlled), hence limited displacement is expected for the

soil close to the tunnel lining during centrifuge spin-up.

Figure 5.2 shows the centrifuge data for soil movements around the tunnels for the

Fraction E sand at a relative density of 90%. Figure 5.2(a) shows that the soil moves

downwards in the region above the tunnel crown for both FM and eRBM centrifuge

tests.

For the eRBM centrifuge model tunnel, from the horizontal displacement data in Fig-

ure 5.2(b), centrifuge model results for the FM model tunnel shows outwards soil move-

ments close to the tunnel springline. This happens because the internal tunnel pressure

at the tunnel springline is greater than the horizontal soil pressure, causing the tunnel

boundary to push outwards at the springline until an increased passive earth pressure

is achieved to balance the internal tunnel pressure.

For the eRBM centrifuge model tunnel, the horizontal displacement for the eRBM did

not show a clear mechanism with increase in g-level. Despite the fact that the rigid
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boundary was fixed in place initially, the entire mechanical tunnel settled with the

increase in g-level due to the increased weight of the tunnel itself.

Figure 5.2: Soil movements around FM and eRBM model tunnels during centrifuge
spin-up: (a) vertical displacements, (b) horizontal displacements

5.2.2 Effect of soil deformation mechanism

For a given tunnel volume loss, the shape and magnitude of soil displacements are af-

fected by the type (displacement/pressure controlled) and displaced shape of the tunnel

lining. For eccentric and concentric displacement controlled model tunnels (EDC and

CDC, respectively), the displaced tunnel shape is pre-defined, whereas for flexible mem-

brane FM model tunnels, the tunnel boundary shape is free to deform according to

the internal/external stresses applied to it. The effect of these differences on resulting

ground displacements are considered in this section using centrifuge test data.
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Figure 5.3 compares soil displacements from the eccentric rigid boundary mechanical

eRBM model tunnel centrifuge test with those from a flexible membrane FM centrifuge

test (Franza, 2016) for C/D = 2 at a tunnel volume loss of Vl,t = 2%. For vertical

displacements, the deformation patterns match well between the tests (eRBM and FM);

however, the eRBM settlement trough is slightly wider than for the FM model tunnel.

For horizontal displacements, the FM model tunnel causes a zone of relatively high

magnitude displacements above and slightly to the side of the tunnel crown, as well as

a major zone of displacements at the ground surface with a maximum value similar to

that near the tunnel. The zone of large horizontal displacements for the eRBM tunnel

is located closer to the tunnel springline compared with the FM model tunnel. There is

also a large zone of horizontal displacements at the ground surface for the eRBM tunnel,

in a similar location but more widespread than that for the FM tunnel; the magnitude

of displacements at the ground surface is noted to be less than that at the springline for

the eRBM tunnel.

Figure 5.3: Centrifuge test results of vertical and horizontal soil displacements for
FM and eRBM model tunnels: C/D = 2 and Vl,t = 2%
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5.2.3 Settlement troughs

Figure 5.4 presents the vertical settlement troughs at the surface (z/zt=0) and subsurface

(z/zt=0.5) for both centrifuge tests (FM and eRBM) at a tunnel volume loss of Vl,t ≈
2%. For centrifuge tests (Figure 5.4), settlement troughs provided by Mr. Jingmin

Xu (current PhD candidate at NCG) and Marshall (2009) using FM model tunnels are

compared against eRBM model tunnel data for C/D = 1.3, 2.0, and 2.4.

In general, for C/D = 2.0 and 2.4, at the given tunnel volume loss of Vl,t ≈ 2%, the

eRBM model tunnel gives a greater maximum settlement at the tunnel centreline than

the FM model tunnel. For C/D=1.3, FM and eRBM centrifuge tests show a similar

settlement shape and magnitude at the surface. As observed by other researchers (e.g.

Franza et al. (2019), Marshall et al. (2012)), the settlement trough shape varies with

C/D; a narrower, more chimney-like settlement trough is obtained for C/D = 1.3 than

for C/D=2.4. It is believed that such difference in settlement trough shape is mainly

due to confining pressure differences with a given z/zt level (different C/D will result

in different confining pressure under a given z/zt level ), for a given tunnel volume loss

(shear strain), the soil dilative response is affected by the confining pressure, and this

effect will be further discussed later in this chapter (5.2.6).

5.2.4 Change in trough width parameter

The shape of the settlement troughs can be defined by the locations of the inflexion

point (i), where i = K(zt − z), and K is the trough width parameter (Mair et al.,

1993). However, the standard use of i and K is not always sufficient to describe the

shape of the settlement trough, as identified by Marshall et al. (2012), where different

settlement trough curves may have the same value of i. As a result, Marshall et al. (2012)

suggested that the shape of the settlement curve could be described by three points

related to the Gaussian curve inflexion point (ig), which is Smax, Sv(ig) = 0.606 Smax,

and 0.5Sv(ig) = 0.303 Smax. The offset of the second and third points (Sv(ig) and

0.5Sv(ig)) are referred to as x∗ and x∗∗ respectively. These offsets can be defined as

x∗ = K∗(zt − z) and x∗∗ = K∗∗(zt − z), where K∗ and K∗∗ are the trough width

parameters.

Figure 5.5 presents data of x∗ and x∗∗ with soil depth for both centrifuge and finite

element analyses at a tunnel volume loss of Vl,t ≈ 2%. In general, the x∗ and x∗∗ value

decreases with depth. Both centrifuge and finite element analyses show an decrease

in values (x∗ and x∗∗) with depth, and the values increase with C/D, apart from FM

centrifuge tests where C/D=2.4. Marshall (2009) tested the FM model tunnel (C/D =
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Figure 5.4: Settlement trough data at surface and subsurface for Vl,t ≈ 2%

2.4) using a 62 mm diameter model tunnel, whereas the FM (C/D=1.3 and 2.0) and

eRBM model tunnel centrifuge tests here used 90 mm diameter model tunnels. It is

believed that a smaller model tunnel will cause a smaller value of x∗ and x∗∗ at a given

tunnel volume loss than using a bigger model tunnel. For example, with a given C/D

value, the soil around the tunnel will have lesser confining pressure for the tunnel has

a lower zt depth. With tunnel volume loss (decrease with the tunnel internal water

pressure), soil close to the tunnel tends to have greater dilative response. Thus, the

horizontal displacement towards the tunnel are expected to be smaller and given a

smaller value of x∗ and x∗∗. Despite these differences, the value in both centrifuge and

finite element analyses show an approximately linear trend with soil depth.

To further study the effect of C/D and tunnel volume loss on settlement trough width

parameters (x∗ and x∗∗), linear lines were fitted to the results in Figure 5.5, and the
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Figure 5.5: Variation of x∗ and x∗∗ with depth at Vl,t ≈ 2% for (a) centrifuge test;
(b) finite element analysis

slopes of the fitted lines ∂x∗/∂z and ∂x∗∗/∂z were calculated. Figure 5.6 (a) shows

the values of ∂x∗/∂z and ∂x∗∗/∂z with tunnel volume loss. For FM model tunnel,

as indicated by Marshall et al. (2012), the variations of ∂x∗/∂z and ∂x∗∗/∂z are not

significant with tunnel volume loss, and the effect of C/D is not significant. For eRBM

model tunnel, however, the values (slopes of the fitted line) tend to increase with tunnel

volume loss, and vary with C/D ratio. Figure 5.6 (b) shows the change in trough width

parameters at the surface (K∗s and K∗∗s ) with tunnel volume loss, where K∗s = x∗/zt

and K∗∗s = x∗∗/zt. For both FM and eRBM model tunnels, the surface trough width

parameters (K∗s and K∗∗s ) decrease with tunnel volume loss, indicating that the width of

the surface settlement trough at lower tunnel volume loss is wider than at higher volume

loss, and the settlement trough width increases with C/D ratio.
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Figure 5.6: Centrifuge test fitted curve parameters with volume loss: (a) slope of x∗

and x∗∗ with depth; (b) surface trough width parameter

Linear lines were fit to the eRBM data presented in Figure 5.6. For ∂x∗/∂z and ∂x∗∗/∂z

data, the slope of the fitted lines is referred to as ∂x/∂z∗slopeVl,t
and ∂x/∂z∗∗slopeVl,t

, respec-

tively. The intercept of the fitted lines at zero tunnel volume loss is denoted by ∂x∗/∂zintVl,t
and ∂x∗∗/∂zintVl,t . Meanwhile, K∗s and K∗∗s data can also be fitted with linear lines, and

the slope of the lines are defined as K∗slopes,Vl,t
and K∗∗slopes,Vl,t

. The terms K∗ints,Vl,t
and K∗∗ints,Vl,t

are the interception points for the fitted lines at zero tunnel volume loss. Figure 5.7 plots

the features of the linear fitted lines stated above (slope of the line, and the interception

point at zero tunnel volume loss).

From Figure 5.7, it can be seen that the relationship between the fitted line features

(slope of the lines, and the interception points at zero tunnel volume loss) and C/D

ratio is linear. By assessing the fitted line features using a FM model tunnel, Franza

(2016) suggested that such fitted line features with C/D ratio may have a non-linear

trend at high C/D ratio (transition from shallow to deep tunnels). However, based on
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Figure 5.7: (a) relationship between intercept of ∂x∗/∂z or ∂x∗∗/∂z and K∗
s or K∗∗

at tunnel volume loss Vl,t = 0% with C/D ratio; (b) slope of the fitted line with C/D
ratio

the currently available data using the eRBM model tunnel (C/D=1.3, 2.0 and 2.4), that

are generally under a shallow tunnelling scenario, the relationship can be assumed as

linear. The equations to calculate the features of the fitted lines in Figure 5.6 are as

follows:

∂x∗/∂zintVl,t = −0.079× (C/D)− 0.249

∂x∗∗/∂zintVl,t = −0.132× (C/D)− 0.395

K∗ints,Vl,t
= 0.061× (C/D) + 0.440

K∗∗ints,Vl,t
= 0.045× (C/D) + 0.805

∂x/∂z∗slopeVl,t
= −0.055× (C/D) + 0.176

∂x/∂z∗∗slopeVl,t
= −0.007× (C/D) + 0.060

K∗slopes,Vl,t
= 0.007× (C/D)− 0.070

K∗∗slopes,Vl,t
= 0.014× (C/D)− 0.092

(5.1)
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Thus, based on the equations identified by Marshall et al. (2012), the modified equations

to describe the value of settlement trough shape from the centrifuge tests data using the

eRBM model tunnel can be expressed as:

K∗ =
K∗s + ∂x∗/∂z(z/zt)

1− z/zt

K∗∗ =
K∗∗s + ∂x∗∗/∂z(z/zt)

1− z/zt
K∗s = K∗ints,Vl,t

+K∗slopes,Vl,t
(Vl,t)

K∗∗s = K∗∗ints,Vl,t
+K∗∗slopes,Vl,t

(Vl,t)

∂x∗/∂z = ∂x∗/∂zintVl,t + ∂x/∂z∗slopeVl,t
(Vl,t)

∂x∗∗/∂z = ∂x∗∗/∂zintVl,t + ∂x/∂z∗∗slopeVl,t
(Vl,t)

(5.2)

5.2.5 Effect of model tunnel on settlement trough shape characteristics

To further investigate settlement trough shape characteristics, modified Gaussian curves

(Vorster et al., 2005) were fitted using the approach of Marshall et al. (2012), who

indicated that the conventional Gaussian curve does not always provide a good fit to

settlement data for tunnels in sand, which is substantiated by several other studies

(Franza and Marshall, 2018, Franza et al., 2019, Marshall et al., 2012, Vorster et al.,

2005, Zhou et al., 2014). The goodness of fit (based on the coefficient of determination

R2) of the modified Gaussian curve to vertical displacements was evaluated for the FM

and eRBM centrifuge test data. R-Square is defined as the ratio of the sum of squares

of the regression (SSR) and the total sum of squares (SST) (R-Square=SSR/SST ).

Figure 5.8 demonstrates that the modified Gaussian curve provided a very good fit to

centrifuge data, but indicates a slight reduction in the goodness of fit to the eRBM

centrifuge test data with depth, especially below z/zt=0.6. Analyses presented next are

based on the obtained curve fitting results using the modified Gaussian curve.

Figure 5.9 presents the trough width parameters K∗ and K∗∗ with soil depth for cen-

trifuge tests at a tunnel volume loss of Vl,t ≈ 2.0%. The FM model tunnel centrifuge

tests give lower trough width parameters than the eRBM model tunnel tests, and the

FM K∗ values do not increase with depth as quickly as they do for the eRBM model

tunnel. With an increase in C/D ratio, the difference in K∗ and K∗∗ between FM and

eRBM model tunnels decreases; at C/D = 2.4, the values of K∗ and K∗∗ are very close

for z/zt ≤ 0.6.
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Figure 5.8: Goodness of fit of modified Gaussian curves to centrifuge data

5.2.6 Relationship between soil and tunnel volume loss

Figure 5.10 shows the relationship between surface soil volume loss (Vl,s,surf ; calculated

as the integration of surface settlement data) and tunnel volume loss (Vl,t; obtained

directly from the displacements or volume changes of the model tunnels) for both FM and

eRBM model tunnel centrifuge tests. Note that for an undrained case (zero volumetric

strain), Vl,s,surf = Vl,t. As discussed in Marshall et al. (2012) and Franza et al. (2019),

for dry sand (or drained soil conditions), soil volume loss will differ from tunnel volume

loss due to the dilative/contractive nature of the soil, which depends on the relative

density of the soil, magnitude of the shear strain, and the confining pressures during

shear. At a given soil depth (z/zt), if the value of Vl,s,surf is lower than Vl,t, the soil below

that level has undergone an overall dilative response. For the FM model tunnel with

C/D = 1.3, Vl,s,surf is always less than Vl,t, indicating that the soil below the surface

experienced a dilative response, whereas for C/D = 2.0 and 2.4, the value of Vl,s,surf is

greater than Vl,t for tunnel volume losses lower than Vl,t ≈ 1.8% and 2.3%, respectively.

This indicated a contractive soil behaviour under the surface level. These trends are

consistent with the expected effect of C/D, where the soil above shallower tunnels is

more dilative because the soil is under lower levels of confining stress. The trends of

the data for the eRBM model tunnel follow those of the FM model tunnel, however

the eRBM values of Vl,s,surf are consistently lower than the FM values, indicating more

dilative conditions in the eRBM tests. This suggests that the magnitude of shear strains

around the tunnel circumference in the eRBM model tunnel tests were greater than in
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Figure 5.9: K∗ and K∗∗ with depth for centrifuge tests at Vl,t ≈ 2.0%

the FM model tunnel tests. The magnitude of shear strain around the tunnel boundary

is discussed next.

The accumulated soil response indicated by Vl,s averages out localised volumetric re-

sponse within the depth of the soil; the soil may experience localised contraction at a

certain depth yet Vl,s could still indicate an overall dilative response. To investigate

this feature, Figure 5.11 plots soil volume loss (Vl,s) with depth at a tunnel volume loss

of Vl,t ≈ 2.0% for both centrifuge tests (FM and eRBM model tunnels). The vertical

dashed lines indicate a constant-volume condition (undrained condition). From Fig-

ure 5.11, Vl,s values are always less than Vl,t ≈ 2.0%, apart from the FM C/D = 2.4

test, where the cumulative soil response close to the surface (z/zt < 0.1) gives a soil

volume loss slightly greater than 2.0%. The value of Vl,s for the centrifuge tests reduces
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Figure 5.10: Variation of surface soil volume loss with tunnel volume loss for both
FM and eRBM model tunnels

approximately linearly with depth (z/zt) and shows a maximum value at the soil surface

and a minimum value close to the tunnel crown. The soil volume loss at a given depth

also differs with C/D ratio, where a greater C/D gives a higher soil volume loss. For

centrifuge tests with C/D = 1.3 (both FM and eRBM), the soil close to the tunnel crown

(z/zt ≈ 0.7) shows a value of Vl,s less than Vl,t by almost 50%. These data indicate that

the soil experienced considerable localised dilation below z/zt ≈ 0.7. In addition, with

a decrease in z/zt (further away from the tunnel), the value of Vl,s tends to increase,

suggesting that the soil above z/zt = 0.7 underwent overall contraction.

For greater tunnel depths (greater mean effective stress), the soil will tend to have a

greater contractive response (less dilative). The rate of change of contractive response

with depth can be indicated by the slope of Vl,s with depth. The slope for C/D = 1.3

for both centrifuge model tunnels (FM and eRBM) is less than for C/D = 2.0 and 2.4,

indicating that for a given shear strain, the soil in C/D = 1.3 tests is less contractive

than the soil in the tests with greater tunnel depths (C/D = 2.0 and 2.4).
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Figure 5.11: Variation of Vl,s with depth at Vl,t ≈ 2.0%

To summarise from Figure 5.11, soil experienced strong localised dilation below z/zt ≈
0.7 (close to the tunnel boundary), the soil above the z/zt ≈ 0.7 level underwent con-

tractive response, and the rate in change of contractive response with soil depth under

a given tunnel volume loss (Vl,t ≈ 2.0%) is affected by the C/D value.

Figure 5.12 shows the spatial distribution of volumetric and shear strains from the eRBM

and FM centrifuge tests for C/D = 2.0 at a tunnel volume loss of Vl,t = 2.0%. Both

model tunnels indicate concentrated zones of shear and negative volumetric (dilation is

negative) strain close to the tunnel boundary; near the crown/shoulder for the FM test

and closer to the tunnel springline for the eRBM test. The magnitudes of the shear

and volumetric strains for the eRBM test are considerably larger than for the FM test,

confirming the conclusions made earlier (i.e. eRBM values of Vl,s,surf are consistently

lower than the FM values, indicating more dilative conditions in the eRBM test). In

Figure 5.12, the highlighted regions of dilating soil are very localised around the tunnel;

the majority of the soil is contractive, which explains the trends in Figure 5.11a (i.e.

an increase in soil volume loss with a decrease in depth, suggesting contractive soil

behaviour above z/zt ≈ 0.7).

Figure 5.13 summarises the key features from the shear and volumetric strain distribu-

tions of the centrifuge tests. For a given tunnel volume loss, the eRBM model tunnel

causes higher magnitude shear strains than the FM model tunnel, resulting in a more

dilative volumetric response in the eRBM test than the FM test. The zone of dilating

soil for the FM model tunnel is located above the tunnel crown, whereas for the eRBM

model tunnel, the zone is located above the tunnel springline. The soil located outside
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Figure 5.12: Contours of shear and volumetric strain for centrifuge test C/D = 2.0
at Vl,t = 2.0%

the dilative area undergoes contractive soil behaviour, hence soil volume loss increases

as depth decreases.

5.3 Conclusions

This chapter presented the results of three centrifuge tests using the eRBM model tun-

nel, along with data from FM model tunnel tests from various sources. Finite element

analyses were also conducted, which simulated two different tunnel volume loss tech-

niques: pressure controlled (replicating FM model tunnel) and displacement controlled

(replicating the eRBM model tunnel). Based on the results obtained above, the following

conclusions can be made:

• The newly developed eccentric rigid boundary mechanical model tunnel allows

replication of non-uniform radial displacements around the tunnel boundary, with
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Figure 5.13: Illustration of soil strains due to tunnel volume loss based on the obser-
vations in Figure 5.12

maximum displacements at the tunnel crown and zero displacements at the tunnel

invert.

• For centrifuge tests, during the g-level increase, the internal tunnel pressure for

FM tunnels at the springline is higher than the horizontal soil pressure, which

can cause the flexible membrane boundary to push outwards and increase the

horizontal stress in the soil around the tunnel springline. The overall shape of

the eRBM model tunnel does not change as significantly as the FM model tunnel

during centrifuge spin-up.

• At a given tunnel volume loss, the eRBM model tunnel showed a similar magnitude

and shape in vertical settlement to the FM model tunnel. However, for horizontal

displacements, the eRBM model tunnel gives greater magnitudes than the FM

model tunnel and generated a zone of major horizontal displacements located close

to the tunnel springline.

• A set of the equations was developed based on eRBM model tunnel centrifuge tests

to predict the settlement trough width parameters K∗ and K∗∗. The centrifuge

results showed that the eRBM model tunnel always provided a wider settlement

trough than the FM model tunnel.

• The surface soil volume loss Vl,s for the eRBM model tunnel was generally smaller

than the tunnel volume loss Vl,t, suggesting that the soil below the surface has an

accumulated dilative soil response. The soil volume loss close to the tunnel crown

was smaller than the tunnel volume loss for all centrifuge tests, indicating that the

soil close to the tunnel crown was undergoing dilation. For soil above the tunnel
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crown, an increase in soil volume loss with a decrease in soil depth was observed.

This increase in soil volume loss indicates an overall soil contractive behaviour

above a depth of z/zt=0.7, but based on the volumetric strain distribution iden-

tified by Franza et al. (2017) and Marshall et al. (2012), localised soil dilation is

expected for the soil close to the tunnel centreline.



Chapter 6

The effect of tunnelling on piled

structures

6.1 Introduction

Underground tunnels in urban areas are increasingly excavated close to and underneath

existing infrastructures. The study of tunnelling-induced ground movements on infras-

tructures has received particular attention by researchers around the world using numer-

ical analysis, analytical solutions and centrifuge modelling (e.g. Burland et al. (2001),

Mair (2008), Marshall et al. (2010), Marshall and Mair (2011), Potts and Addenbrooke

(1997), Poulos (2006), Standing and Potts (2008)). By successfully applying advanced

constitutive soil models, several authors have investigated the effect of tunnelling on

piled foundations using numerical approaches (e.g. Hong et al. (2015), Lee (2012), Ng

et al. (2015)). The complex non-linear soil behaviour and soil-structure interactions

predicted through numerical simulations should be validated via laboratory and/or field

data. Centrifuge modelling has been widely accepted as a tool to investigate the com-

plex tunnel-pile-structure interaction (TPSI) problem (e.g. Franza and Marshall (2017),

Jacobsz et al. (2004), Lee and Chiang (2007), Loganathan et al. (2000), Marshall and

Mair (2011), Ng et al. (2014)). This chapter will present new centrifuge test data related

to tunnel-pile and tunnel-pile-structure interaction. These data may prove useful for the

verification of others’ numerical and analytical outcomes.

Physical models of piled structures require some degree of simplification compared to

reality. For example, a superstructure (building) can be simplified as constant load piles

with an equivalent beam/plate (i.e. piles are rigidly connected to a plate). Simplified

physical models could over- or under-predict the contribution of superstructure to the

global TPSI problem. For society and public safety, it is essential to understand and

97
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evaluate the potential damage of a superstructure caused by tunnelling-induced ground

movements. Furthermore, it is beneficial to improve the accuracy of superstructure

simulation within geotechnical centrifuge tests.

In this chapter, the global TPSI problem is investigated using the novel CCNM (cou-

pled numerical-centrifuge method) approach (Franza et al., 2019), which was discussed in

Chapter 4.3.7. Tunnel volume loss is simulated using the eRBM (eccentric rigid bound-

ary mechanical) model tunnel. The outcomes from four centrifuge tests are presented

in this chapter: (1)“greenfield” (only soil and isolated piles are considered) pile jacking

test (Test PJ), (2) TPSI test with constant load pile group (Test CL), (3) TPSI test

with pile group test that considered structure stiffness (CCNM) and tunnel volume loss

up to Vl,t=2.2% (Test CCNM1), (4) repeat of test CCNM1 with tunnel volume loss up

to Vl,t=3.2% (Test CCNM2). The detailed testing plan and experimental programmes

were described in Chapter 4.3.1.

This chapter is structured as follows. The first section of the chapter presents the

pile jacking results and illustrates the pile axial load capacity. Two different structure

stiffnesses are investigated, which are fully flexible (constant load on each pile) and

full structure stiffness (structure stiffness simulated using a numerical model within the

CCNM application). The results of pile settlement and load transfer between the piles

due to tunnelling-induced ground movements are discussed. Then, the axial force along

the pile during tunnel volume loss measured by FBG (fibre Bragg grating) sensors are

presented. Finally, after tunnel volume loss, the piles are further jacked into the soil,

and the post-tunnelling pile capacity is determined and compared with the outcomes

from “greenfield” pile jacking (Test PJ). All results are reported in model scale unless

otherwise stated, and centrifuge tests described in this chapter were tested under 80 g.

6.2 Interpretation of measured results

6.2.1 Axial force along the pile after centrifuge acceleration

A constant 5 N vertical load was applied to the pile head (load controlled) during

centrifuge spin-up (acceleration to 80 g). This was done to ensure minimum relative

displacement occurred between the soil and pile during spin-up (if the pile is fixed in

place during spin-up, the soil will settle more than the pile). Three stabilisation cycles

(going from 80 g to 10 g and back to 80 g) were performed to encourage a uniform stress

distribution within the soil body and to improve repeatability between the centrifuge

tests.
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Figure 6.1 shows the axial force along the pile after centrifuge acceleration for all four

centrifuge tests; the dotted grey line represents the theoretical self-weight of the pile

after centrifuge acceleration; the surface is at a y-axis value of 0 mm. All piles show an

increase in axial force with centrifuge acceleration, and that axial force along the pile

gradually increased with depth. It is believed that such an increase in axial force along

the pile is caused by (a) the increased self-weight of the pile and (b) the shear force

around the soil-pile interface. The data indicates that the soil located close to the upper

portion of the pile tends to settle more than the pile, causing a downwards “drag” force

along the pile. As a result, the axial force of the pile increased with depth along the upper

portion of the pile (0-80 mm below the soil surface). To further investigate the axial

force distribution along the pile after centrifuge acceleration, it is necessary to compare

soil settlements with depth against pile settlement; this is presented in section 7.2.1.

Figure 6.1: Axial force along the pile after centrifuge acceleration

6.2.2 Determination of pile axial load capacity

The pile axial load capacity was determined by in-flight pile jacking tests. All four

piles (Test PJ) were jacked in the order of pile number: 2-4-3-1 (model tunnel was not

included, refer to Figure 4.8 for pile numbering). Displacement control was used to

perform pile jacking, with an actuator displacement rate of 0.1 mm/s. Note that this is

the speed of the actuator; the rate of pile displacement varies somewhat during jacking

due to the effect of the die spring. Figure 6.2 presents the load versus pile settlement

(Sp) normalised by the pile diameter (dp) for all four piles. Piles 1 and 2 provided

relatively consistent results, but the curves are different between piles 3 and 4, which

indicate a stiffer pile jacking response than piles 1 and 2. This occurred because piles 3

and 4 were “new” piles, which had not previously been jacked within centrifuge tests.

As a result, the surface roughness of piles 3 and 4 was greater than piles 1 and 2. It

can be assumed that the repeated use of the model piles will cause pile shaft roughness
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degradation; Jacobsz (2003) reported a similar issue that surface roughness of the pile

reduced with repeated usage. The effect of pile roughness on pile loading tests will be

further discussed in Section 6.2.3.

For a conservative estimation of pile axial load capacity, the results from pile 2 are consid-

ered. The assumption was made that the ultimate load capacity of a non-displacement

pile is defined at the point when the pile shaft resistance is fully mobilised. The ac-

cumulated shaft resistance (as a force) along the pile 2 is shown in Figure 6.3, which

demonstrates that shaft resistance was fully mobilised at Sp/dp of about 8% (this was

sufficiently consistent and conservative for all piles). This magnitude of settlement cor-

responds closely to the point where the rate of pile settlement versus head load increased

(see Figure 6.2). At Sp/dp=8 %, pile 2 capacity was 893 N (see Figure 6.2), which is

a conservative value for all piles. Considering the total load applied to piles during the

tunnel-pile interaction tests (255/370 N for outer/inner piles at model scale), this gives

a factor of safety of 3.5 and 2.4 for outer and inner piles, respectively.

Figure 6.2: Load settlement curve for pile jacking test

Figure 6.3: Shaft resistance during pile jacking test: pile 2
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To further investigate the pile jacking response (pile jacking stiffness) with the increase

in pile head load, the global pile stiffness versus pile head load is presented in Figure 6.4.

The global secant stiffness of the pile is determined as the change in pile head load (∆Qt)

from the initial pile head load prior to pile driving, divided by the pile head settlement

(Sp). The initial stiffness for all piles is between 4000-6000 N/mm; with further increase

in pile head load, the pile stiffness decreased. The trend of global stiffness degradation

in pile head load is non-linear, and can generally be categorised into three stages (see

Figure 6.4):

1. Global stiffness degradation stage (GSDS) 1: rapid degradation at the start

of pile jacking, this stage typically has a decrease in stiffness of around 3000 N/mm

with an increase in pile head load of about 200 N.

2. GSDS 2: progressive stiffness degradation with further increase in pile head load,

a typical decrease in stiffness of about 1000 N/mm with an increase in pile head

load of around 600 N.

3. GSDS 3: rapid decrease in pile stiffness, in which the pile head load can be

assumed to be close to the axial load capacity of the pile.

Figure 6.4: Global pile stiffness versus pile head load for test pile jacking

6.2.3 Pile loading

After centrifuge acceleration (including three stabilisation cycles), the piles were loaded

to the designated working load (255 N for outer piles 1 and 4, and 370 N for inner piles

2 and 3; refer to pile numbering in Figure 4.8) in 50 N stages, starting with pile 1 and

moving sequentially to pile 4. Figure 6.5 shows the axial force distribution along the

pile before and after pile loading. With the increase in pile head load, all piles show an
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increase in axial force along the pile. After pile loading, the axial force at the upper

portion of the pile (0-40 mm below the soil surface) presents a similar value to the

pile head load, suggesting that the shaft friction along the upper portion of the pile is

minimal. The axial force decreases with depth along the middle and lower portions of

the pile, indicating that the shaft friction at the lower portion of the pile is mobilised.

Thus, the amount of increase in axial force close to the pile tip is generally less than the

pile head load applied (pile head load was taken by the shaft friction along the middle

and lower portion of the pile).

Figure 6.5: Axial force along the pile before and after pile loading

Figure 6.6 shows the pile head load against normalised pile settlement during pile loading

for Test CL, CCNM1 and CCNM2. In section 6.2.2, the pile jacking results suggested

that the pile shaft roughness degradation could affect the pile jacking behaviour. How-

ever, the pile loading results in Figure 6.6 show good repeatability between the tests;

hence, it can be suggested that the repeated use of the model piles within the centrifuge

tests (Test CL, CCNM1 and CCNM2) did not have a significant effect on the pile loading

results. It is believed that the effect of pile shaft roughness degradation on pile loading

response also depends on the level of force applied to the pile. The amount of pile head

load applied in pile loading tests (255/370 N for outer/inner piles) is much smaller than

the force during pile jacking test (in Test PJ, the ultimate axial load was 893 N, see

section 6.2.2). Therefore, it can be concluded that the effect of pile shaft roughness

degradation on pile loading response was not significant.

Pile loading will cause disturbance to the adjacent pile, and consequently affect its pile

loading response. Figure 6.7 shows the load versus pile settlement data for piles 2 and

3 during the pile loading stage for all three centrifuge tests. Pile 2 was loaded prior to

pile 3 in all three tests; at a given pile settlement, pile 3 shows a greater pile head load

than pile 2. To further investigate the effect of pile loading on adjacent piles, Figure 6.8
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Figure 6.6: Load settlement curve for piles during pile loading

(a) shows pile 3 settlement during pile 2 loading, and (b) shows the changes in axial

force along pile 3 after pile 2 loading for centrifuge tests CCNM1 and CCNM2. After

pile 2 loading, the axial force close to pile 3 tip increased by 2.8 N and 3.9 N in tests

CCNM1 and CCNM2, respectively. In addition, after pile 2 loading, pile 3 settled by

about Sp/dp=0.14 % in both tests. This outcome suggests that for the experimental

setup used in these tests, loading of a pile causes the adjacent piles to settle by about

10% of the amount of the loaded pile and the amount of increase in axial force close to

the tip of the adjacent pile is not significant.

Figure 6.7: Load settlement curve for piles 2 and 3 during pile loading

6.2.4 Effect of structure stiffness on pile settlement due to tunnel vol-

ume loss

The results from three centrifuge tests (CL, CCNM1 and CCNM2) are used to investigate

the effect of structure stiffness on pile settlements caused by tunnelling-induced soil

movements. To isolate the effect of structure stiffness on pile settlements, a constant

pile head load (load controlled) centrifuge test was first conducted (Test CL), which

is equivalent to a zero stiffness structure. This was followed by two centrifuge tests

(CCNM1 and CCNM2); the only difference between tests CCNM1 and CCNM2 was
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Figure 6.8: (a) Pile 3 settlement during pile 2 installation (b) Change in axial force
along the pile 3 after pile 2 installation

the maximum tunnel volume loss reached was Vl,t=2.2 % and 3.2%, respectively. The

purpose of having two different values of Vl,t was to evaluate the effect of tunnel volume

loss on post-tunnelling pile jacking response (discussed later).

Figure 6.9 presents the pile head settlement with tunnelling for all three centrifuge

tests, as well as the greenfield tunnelling surface and subsurface (at pile tip depth) soil

displacements at the location of each pile (note that the scales vary in each plot). The

greenfield tunnelling test (Test GF) layout and testing configurations were discussed in

Chapter 4.4.1. In general, pile 1 shows greater settlement with tunnel volume loss than

all other piles. For pile 1, the difference in the settlement between Test CL and CCNM1

/ CCNM2 is not significant. Compared with the greenfield settlement, pile 1 shows

a greater settlement with tunnelling than the surface and subsurface soil settlement.

For pile 2, pile head settlement in test CCNM2 became greater than test CL with the

increase in tunnel volume loss, and for CCNM1 the pile 2 settlement shows a close match

to test CL. In addition, the pile 2 settlements for all three centrifuge tests are less than

the greenfield surface settlement and higher than the subsurface settlement (at pile tip

depth). For pile 3, the settlement in test CCNM1 and CCNM2 is slightly greater than

in test CL, the settlement of the pile is close to the subsurface greenfield soil settlement,

and with tunnel volume loss, the pile settlements are less than the greenfield surface

soil settlement. For pile 4, the difference in pile settlement between the tests is not

significant; the greenfield soil displacements are not available at the location of pile 4

because pile 4 is located close to the strong box boundary and outside the camera field

of view. Based on the results from pile 3, it is believed that the pile 4 settlement is close

to the greenfield subsurface soil settlement.

Based on the results from CCNM1 and CCNM2, the pile head settlement (Sp) is a

combination of settlement caused by (1) the tunnel volume loss (Sp,t) and (2) the effect
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Figure 6.9: Pile settlement with tunnel volume loss: (a) pile 1, (b) pile 2, (c) pile 3,
(d) pile 4

of structure stiffness (Sp,s). It is possible to find a correlation between tunnel volume

loss and pile settlement due to the effect of structure stiffness only (isolate the structure

stiffness effect). For test CL, as the pile head load remains unchanged, the pile head

settlement (Sp,t) is only caused by the tunnelling-induced ground movement. Thus, the

pile settlement due to the structure stiffness (Sp,s) can be isolated:

Sp,s = Sp − Sp,t (6.1)

Figure 6.10 shows tunnel volume loss versus the pile settlement caused by structure

stiffness (Sp,s) normalised by the pile head settlement (Sp). For pile 1 (closest to the

tunnel), the contribution of structure stiffness to the overall pile settlement is minimal.

For pile 2, with an increase in tunnel volume loss, the amount of pile settlement due to

structure stiffness in relation to overall pile settlement increased. At a tunnel volume

loss of 3.2 %, 14 % of the pile 2 settlement was due to the contribution of structure
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stiffness. Pile 3 settlement is not significantly affected by structure stiffness. For pile

4, a decrease in pile settlement is observed with tunnel volume loss due to the effect of

structure stiffness; however, the overall magnitude of pile 4 settlement was very small.

Figure 6.10: Contribution of structure stiffness to pile settlement

6.2.5 Effect of structure stiffness on pile head load distribution with

tunnel volume loss

Figure 6.11 shows the pile head load versus tunnel volume loss for centrifuge tests CL,

CCNM1 and CCNM2. For test CL, the pile head load remains unchanged with the

increase in tunnel volume loss. For CCNM1 and CCNM2, a variation of pile head

loads was observed with tunnel volume loss. Tests CCNM1 and CCNM2 show good

consistency in pile head load variation with tunnel volume loss, which confirms the

repeatability of the centrifuge tests using the hybrid testing technique. For pile 1, with

an increase in tunnel volume loss, tests CCNM1 and CCNM2 show a decrease in pile

head load. In test CCNM2, at a tunnel volume loss of 3.2 %, pile 1 head load decreased

by about 45 N (a decrease of about 18%). The decreased pile head load from pile 1 will

transfer to the other piles; most of the load from pile 1 was apparently transferred to

the adjacent pile 2 where at a tunnel volume loss of 3.2 %, pile 2 head load increased

by 63 N (an increase of about 17%). The increase in pile 2 head load in tests CCNM1

and CCNM2 caused a greater pile head settlement compared with the pile in test CL,

as shown in section 6.2.4. A very small increase in pile head load with tunnel volume

loss is observed for pile 3 in tests CCNM1 and CCNM2. In test CCNM2, at a tunnel

volume loss of 3.2 %, the pile 3 head load increased by 11 N (an increase of about 3%),
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this increase in pile head load did not cause a significant increase in pile settlement when

compared with the pile in test CL (see Figure 6.9). For pile 4, at a tunnel volume loss of

3.2 %, pile head load decreased by about 28 N (a decrease of about 11%). As discussed

in section 6.2.4, the effect of structural stiffness reduced pile 4 settlement, which was

due to the reduction in pile 4 head load.

Figure 6.11: Pile head load with tunnel volume loss: (a) pile 1, (b) pile 2, (c) pile 3,
(d) pile 4

It is also possible to quantify the isolated pile settlement caused by the structure stiffness

(Sp,s; see Equation 6.1) against the change in pile head load (difference in pile head load

due to structure stiffness). Figure 6.12 shows the change in pile head load versus pile

settlement caused by the structure stiffness (Sp,s) normalised by pile diameter (dp). For

pile 2, the pile settles with an increase in pile head load. For pile 3, the increases in head

load and settlement are not significant. Pile 4 head load decreased during tunnel volume

loss, and the pile head settlement caused by structure stiffness follows a line with a similar

slope as for pile 2, but in the opposite direction (pile 4 moves upwards with tunnelling).

For pile 1, no obvious correlation can be established between Sp,s and change in pile

head load. It follows that, as pile 1 is located closest to the tunnel, the variation of the

pile head load has a limited effect on pile settlement, and the tunnelling-induced ground
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movement dominates the pile settlement. As discussed in Section 6.2.4, the amount of

pile settlement due to the effect of structure stiffness is minimal for pile 1. For the other

three piles, as the piles are further away from the tunnel, the structure stiffness (the

variation of pile head load) has the dominant influence on pile head settlement (Sp,s)

with tunnelling.

Figure 6.12: The pile settlement due to change in pile head load during tunnel volume
loss for test CCNM2

6.2.6 Axial force redistribution along piles and change in mobilised

pile shaft friction during tunnelling

The axial load distribution along the piles for centrifuge tests CL, CCNM1 and CCNM2

are presented in the upper, middle and lower plots of Figure 6.13, respectively. The

load applied to the pile head (Qt) is carried by a combination of (1) shaft resistance

force (Qs) and (2) end-bearing force (Qb). FBG sensors were used to measure the axial

force along the piles; measurement techniques and calibration procedures were given in

Section 4.3.5. The pile end-bearing force was not directly measured but approximated

using the closest FBG measurement point to the pile tip, which was located 10mm above

the tip. Lee and Chiang (2007) suggested that the end-bearing force can be determined

by extrapolating the load measurement locations above the pile tip (see Figure 6.13

(a)). As a result, the two load measurement points S1 and S2 (refer to Figure 4.15 for

measurement point numbering) were used to estimate the end-bearing force.

The axial force along the piles is mainly affected by two mechanisms: (1) change in

pile head load due to structure stiffness, (2) the effect of tunnelling-induced ground
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Figure 6.13: Pile axial load at Vl,t = 1, 2, and 3% : (a) pile 1, (b) pile 2, (c) pile3,
(d) pile 4

movements; there are also pile-pile interactions, but this research focused on the above

two mechanisms. In test CL, pile 1 head load remains unchanged, and the amount of

decrease in axial force along the upper portion of the pile is not as significant as the

lower portion. For pile 1 in tests CCNM1 and CCNM2, the pile head load decreased

with tunnel volume loss, and the axial force along the upper portion of the pile decreased

accordingly. The change in axial force close to the pile tip is similar to test CL. Based

on the above results, it can be suggested that for pile 1 (located closest to the tunnel),

the axial force along the upper portion of the pile (0-80 mm below the soil surface) is

mainly affected by the change in pile head load (mechanism 1), and the axial force along
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the lower portion of pile 1 (80-140 mm below the soil surface) is mainly affected by the

tunnelling-induced ground movements (mechanism 2).

For pile 2 in test CL, a small increase in end bearing force is observed at a tunnel volume

loss of Vl,t=1 %. Referring back to Figure 6.9, with an increase in tunnel volume loss,

pile 2 settlement is greater than the greenfield soil settlements located at the pile tip

but smaller than soil settlements located close to the soil surface. Therefore, the pile is

being “dragged down” by the soil at the upper portion of the pile, and the axial force

close to the pile tip increased accordingly (mechanism 2). For pile 2 in tests CCNM1

and CCNM2, with tunnelling, pile 2 head load increased; hence the axial force along

the upper portion of the pile increased (mechanism 1). The amount of increase in axial

force close to the pile tip is similar to test CL (mechanism 2).

For pile 3 in test CL, the change in axial force is minimal, and referring back to Figure 6.9,

the amount of pile 3 settlement with tunnelling is similar to the greenfield soil settlements

at pile tip depth. In addition, the soil settlements at the surface are higher than the pile

3 settlement; however, the overall amount of soil settlements are not significant; hence

the increase in axial force due to the soil friction is minimal. Similar to test CL, pile 3

in tests CCNM1 and CCNM2 has a minimal change in axial force with tunnelling, and

the increase in pile head load is minimal (see Figure 6.11). As a result, for pile 3, the

effect of mechanisms 1 and 2 are insignificant.

For pile 4 in test CL, the change in axial force along the pile due to mechanism 2

(tunnelling-induced ground movement) is small. For pile 4 in test tests CCNM1 and

CCNM2, pile head load decreased due to the effect of structure stiffness, and conse-

quently, the axial force along the pile decreased (mechanism 1).

The change in unit shaft resistance along the depth of a pile with tunnel volume loss

(∆fvl(z)) can be calculated from the variation of axial force measured along the pile:

∆fvl(z) =
∆Qfs (z)−∆Qis(z)

∆z

( N

mm

)
(6.2)

where superscripts f and i relate to force after and before tunnel volume loss, respec-

tively; and ∆z is the distance between the two measurement points (see Figure 4.16 for

the location of the measurement points). For example, if the shaft resistance along a

given depth of the pile is increased, then ∆fvl(z) is positive. In addition, the increase

in shaft resistance could be caused by upwards shaft resistance, or an increase in down-

wards shaft resistance, for the case involves tunnelling-induced ground movement, the

assessment of pile and soil settlements (referring back to Figure 6.9) could indicate the
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direction of the increase in pile shaft resistance. Figure 6.14 shows the changes in unit

shaft resistance (∆fvl(z)) at various tunnel volume losses.

Figure 6.14: Change in unit shaft resistance at Vl,t = 1, 2, and 3% : (a) pile 1, (b)
pile 2, (c) pile3, (d) pile 4

For pile 1 in test CL (with constant pile head load), the pile settles with tunnel volume

loss, and the end bearing force reduces. Referring back to Figure 6.9, the pile 1 settlement

in test CL is higher than the soil settlements close to the depth of pile tip, and it shows

a similar increase in the settlement with tunnelling to the greenfield soil surface. As

a result, the pile is being “pushed down”, and to maintain the pile head load applied,

additional shaft resistance along the upper and middle portions of the pile (0-85 mm
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below the soil surface level) is increased (increase in upwards shaft friction). The lower

portion of pile 1 maintained a negative shaft resistance with tunnelling in tests CL, and

this is caused by the tunnelling-induced soil movements close to the pile tip (loss of

end bearing force). For pile 1 in tests CCNM1 and CCNM2, pile end bearing load is

decreased, and the piles show similar settlement with tunnelling to pile 1 in test CL,

therefore, the increase in unit shaft resistance along the upper portion of the pile (0-

40 mm below the surface) is caused by the upwards shaft friction (soil tends to resist the

downward movement of the pile). In addition, with tunnelling, the unit shaft resistance

at the lower portion of the pile reduced (85-130 mm below the surface).

For pile 2 in test CL, the magnitude of change in unit shaft resistance with depth is not

as significant as pile 1. The unit shaft resistance increased at the upper portion of the

pile, whereas the resistance decreased around the pile tip. Referring back to Figure 6.9,

pile 2 settlement in test CL is greater than greenfield soil subsurface settlements and

lower than surface soil settlements. From the settlements data, it is believed that the soil

at the upper portion of the pile tends to “drag down” the pile, and causes the increase in

downwards shaft resistance. The soil close to the pile tip tends to resist pile settlement,

but the upwards shaft resistance decreased due to tunnelling-induced soil movements.

In general, the overall change in unit shaft resistance of pile 2 is minimal. For pile 2 in

tests CCNM1 and CCNM2, pile head load increased with tunnelling due to the effect of

the structure stiffness; consequently, the end bearing force is increased (see Figure 6.13).

The change in unit shaft resistance is positive at the upper portion of the pile, due to the

increase in upwards shaft friction. In general, the overall change in unit shaft resistance

is not significant. It is believed that the pile base takes the majority of the increased

load from the pile head.

For pile 3 in tests CCNM1 and CCNM2, the variation of pile head load due to the

effect of structure stiffness is not significant, and consequently, the changes in unit shaft

friction along the pile are small, which also applies to the result for pile 3 in test CL.

For pile 4, a reduction in pile head load is observed for tests CCNM1 and CCNM2 (see

Figure 6.13), hence a reduction in unit shaft resistance along the depth of the pile is

expected. The unit shaft resistance at middle and lower portions of the pile show a

negative value in test CCNM2, and the upper portion of the pile unit shaft friction

increases with tunnel volume loss. In test CCNM1, the change in unit shaft resistance

is minimal. For pile 4 in test CL (constant pile head load), a small reduction in pile end

bearing force is observed from Figure 6.13, and the magnitude of change in unit shaft

friction is small. An increase of unit shaft friction at the middle and lower portions

of the pile is identified, but the overall change in shaft friction is not apparent. Piles

1 and 4 in test CL have the same pile head load (constant pile head load). For pile
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1, which is located closest to the tunnel, with an increase in tunnel volume loss, the

unit shaft resistance at the lower portion of the pile reduced, whereas for pile 4 (located

furthest away from the tunnel) the magnitude of change in shaft friction is minimal.

These data illustrate that for piles located far from the tunnel, the shaft friction at the

lower portion of the pile is less affected by tunnelling-induced ground movement than

piles located close to the tunnel.

6.2.7 Determination of post-tunnelling pile axial capacity

tunnelling-induced ground movements can affect the soil stress profile around the pile.

As a result, the axial capacity of the pile after tunnel volume loss may be reduced. To

further understand the effect of tunnelling on pile capacity, post-tunnelling pile jacking

tests were conducted. The ultimate tunnel volume loss was Vl,t=3.2 % for tests CL and

CCNM2, whereas for CCNM1 it was Vl,t=2.2 %. The pile jacking method discussed

in section 6.2.2 was adopted for these tests, and the displacement control method was

applied with a jacking rate of 0.1 mm/s. The pile jacking sequence follows the pile

number: 1-2-3-4. Figure 6.15 shows the pile 2 settlement and head load change during

pile 1 jacking. When pile 1 is being jacked into the soil, the actuators connected to the

remaining piles (2, 3 and 4) were deactivated, which restricted the movement of the piles.

In addition, pile 1 jacking causes soil movements downwards, despite the settlement of

piles 2, 3 and 4 was restricted, the piles were connected to the actuators via a dye spring

(see Figure 4.10), which could “release” the piles to follow with the settlements of the

soil. From Figure 6.15, it can be seen that pile 2 settles during pile 1 jacking, and the

maximum settlement for pile 2 is around 3.4% of the settlement of the jacked pile (pile

1), and the pile 2 head load remains unchanged with pile 1 jacking. After pile 1 jacking,

the actuator connected to pile 1 deactivated, and pile 2 jacking started. Figure 6.16

shows the load-displacement curves for all piles in the three centrifuge tests, as well as

the “greenfield” pile jacking in test PJ (pile 2). During pile jacking, the gradient of the

load-settlement curve indicates the pile jacking stiffness, and Figure 6.17 shows the post-

tunnelling pile jacking stiffness for all three centrifuge tests, as well as the “greenfield”

pile jacking result (pile 2) in test PJ.

For pile 1 in tests CL and CCNM2, the load-displacement curve shape is similar, despite

the fact that the initial pile head load is different. The pile jacking stiffness for pile 1 in

test CCNM1 is less than other tests (CL, CCNM2 and PJ), and in general, “greenfield”

pile jacking shows least jacking stiffness. For pile 2, the load-settlement curve shape

from all tests is similar, apart from test CCNM1. The pile jacking stiffness curve also

indicated similar shape in tests CL and CCNM2. For tests CCNM1, pile 2 initial stiffness

is similar to pile 2 in the other tests (tests CL and CCNM2), but when the pile head load
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Figure 6.15: Pile 2 settlement and head load change with pile 1 jacking

Figure 6.16: Load-displacement curves for all the tests



Chapter 6. The effect of tunnelling on piled structures 115

Figure 6.17: Post-tunnelling pile global stiffness with pile head load

exceeds 800N, the pile 2 stiffness decreased more rapidly than other two tests. For pile 3,

the pile jacking stiffness in tests CL, CCNM1 and CCNM2 is greater than “greenfield”

test PJ, and load-displacement curve shape in tests CL, CCNM1 and CCNM2 is similar.

For pile 4, the initial pile jacking stiffness is similar in all three tests (CL, CCNM1 and

CCNM2), but with a further increase in pile head load, the pile in test CCNM1 shows

a stiffer response than the pile in other tests CL and CCNM2.

During pile jacking, the pile head load is taken by the end bearing force and shaft

resistance. An assumption was made that the ultimate load capacity is defined when

the shaft resistance along the pile is fully mobilised. Figure 6.18 presents shaft resistance

versus pile settlement in all centrifuge tests. A comparison is made to the “greenfield”

pile jacking test (PJ), using pile 2.

For test PJ (black dashed line in Figure 6.18), the shaft resistance increases with pile

settlement, and the pile reaches the maximum shaft resistance at Sp/dp ≈ 8 %. For pile

1 in test CCNM1, shaft resistance reaches a maximum value at Sp/dp ≈ 5 %, which is
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Figure 6.18: shaft resistance of piles in all the tests

less than the settlement required for test PJ. For pile 1 in test CCNM2, displacement

required to fully mobiles shaft resistance is Sp/dp ≈ 7 %. For test CL, the pile 1 jacking

terminated at Sp/dp ≈ 7 % (this is due to the amount of load required to further jack

the pile is about to exceed the load capacity of the actuator), and the ultimate shaft

resistance is assumed to be fully mobilised at Sp/dp ≈ 7 %. For pile 2 in tests CL and

CCNM2, the displacement required to fully mobilise shaft resistance is Sp/dp ≈ 7 %,

and for test CCNM1 it is Sp/dp ≈ 5 %. For pile 3 in tests CL, CCNM1 and CCNM2, the

pile shaft resistance fully mobilised at Sp/dp ≈ 5 %, and for pile 4 shaft resistance fully

mobilised at Sp/dp ≈ 7 %. In general, the amount of pile settlement to fully mobilise

shaft friction in tests CL, CCNM1 and CCNM2 is less than test PJ, suggesting that

tunnelling-induced ground movements affect the development of shaft resistance with

pile settlement.

Referring back to Figure 6.14 (a), a decrease in unit shaft resistance is identified at the

lower portion of pile 1 in tests CCNM1 and CCNM2. As discussed in section 6.2.6, the

pile 1 head settlement is greater than the subsurface soil settlements at a depth of the
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pile tip, therefore the soil at the lower portion of the pile tends to resist the settlement

of the pile, but due to the tunnelling-induced soil movements, the amount of upwards

shaft friction decreased with tunnelling. In test CCNM2, the amount of decrease in shaft

resistance at the lower portion of the pile is greater than the decrease in CCNM1, as the

ultimate tunnel volume loss in test CCNM2 is greater than CCNM1. During pile jacking,

the shaft friction is re-mobilised, and more pile settlement is required for the case where

more reduction in shaft resistance has been taken place during tunnelling (case in test

CCNM2). Figure 6.18 shows that for pile 1, the amount of pile settlement required to

re-mobilise the shaft friction is Sp/dp ≈ 7 % for test CCNM2 and Sp/dp ≈ 5 % for test

CCNM1.

Based on the above results, the post-tunnelling axial capacity of the piles in all three tests

(CL, CCNM1 and CCNM2) can be defined, see Figure 6.19. For piles in tests CCNM1

and CCNM2, the axial capacity varies with the distance from the tunnel (x/Dt), and no

apparent correlation can be identified. In general, the post-tunnelling pile axial capacity

is affected by (1) the pile position with respect to the tunnel, (2) the tunnel volume loss

prior to pile jacking, (3) pile jacking of adjacent piles (pile-pile interaction), and (4) the

initial pile head load prior to pile jacking. Further discussion in post-tunnelling axial

capacity will be given in Chapter 6.

Figure 6.19: Post-tunnelling pile axial capacity

6.3 Summary and conclusions

Four centrifuge tests were conducted under 80g. Test PJ is the “greenfield” pile jacking

test, where piles were driven into the ground at a constant speed, and the pile axial load
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capacity was determined. Tests CL, CCNM1 and CCNM2 involve the study of tunnel-

pile-structure interaction (TPSI) problem. For test CL, the structure has zero stiffness

(constant load applied to piles during tunnelling). For tests CCNM1 and CCNM2, a

five-storey steel frame structure was simulated. FBG sensors were used to measure the

axial force along the model piles. The effect of tunnelling-induced soil movements on

pile settlement and load transfer were analysed. Post-tunnelling pile jacking tests were

carried out to investigate the pile jacking response, and the results were compared with

the outcomes from pile 2 in test PJ (pile jacking without a tunnel).

For the “greenfield” pile jacking test (test PJ), four model piles were driven into the

ground. Based on the axial force measured along the depth of the piles, the development

of shaft resistance with pile settlement indicated that the pile shaft resistance was fully

mobilised at a pile settlement of Sp/dp ≈ 8 %. For a conservative estimation, the

ultimate axial load-bearing capacity of the piles was defined at the point where the pile

shaft resistance was fully mobilised.

For pile loading to account for structural weight, all four piles were loaded to their

designated load in increments of 50 N. The piles in all three centrifuge tests showed a

similar loading response. The loading of a given pile affected adjacent piles (pile-pile

interaction), where the axial force at the lower portion of adjacent piles increased and

the piles settled by ≈ 10 % of the amount of the loaded pile.

For the CCNM centrifuge tests (CCNM1 and CCNM2), the settlement of the piles during

tunnelling was affected by the tunnelling-induced ground movements and changes in pile

head load (caused by structure stiffness). In addition, the axial force along the depth

of piles was affected by the changes in pile head load and tunnelling-induced ground

movements. For piles located close to the tunnel (piles 1 and 2), the axial force along

the lower portion of the pile reduced with tunnelling. For the piles located further away

from the tunnel (piles 3 and 4), the axial force along the depth of the pile was less

affected by the tunnelling.

Based on the load-settlement curves from post-tunnelling pile jacking tests, all piles

showed a similar load-settlement shape, despite the difference in initial pile head load.

For piles 3 and 4, which were located further away from the tunnel, the initial pile jacking

stiffness was higher than the “greenfield” test PJ. The amount of settlement required to

fully mobilise the pile shaft resistance in tests CL, CCNM1 and CCNM2 was less than

the settlement required for the “greenfield” pile.



Chapter 7

The use of protective walls to

reduce buildings from

tunnelling-induced damage

7.1 Introduction

Tunnel excavation in urban areas causes ground movements which could damage exist-

ing nearby piled structures. The tunnelling-induced ground movements, as highlighted

by Mair and Taylor (1997) (see Figure 2.1) are mainly due to (1) soil stress-relief at

the tunnel excavation face, (2) overcutting from the tunnel excavation face, and (3) the

development of ground stress close to the tunnel lining (long-term effect due to con-

solidation). Tunnel-pile-structure interaction (TPSI) problems have drawn considerable

attention from researchers (Franza et al., 2019, Hong et al., 2015, Jacobsz, 2003, Lee,

2012, Loganathan et al., 2000, Mair and Taylor, 1997, Standing and Potts, 2008). In

general, the construction of a tunnel close (adjacent) to a piled structure will have the

potential to cause uneven pile settlement, therefore threaten the serviceability of the

structure. To protect structures from tunnelling-induced damage, several remedial mea-

sures have been adopted in practice: (1) compensation grouting, (2) structure jacking

and (3) the use of a protective structures or curtain walls. The purpose of the remedial

measures are to reduce the uneven structure settlements caused by tunnelling. There

are several examples of the application of protective structures applied as a barrier be-

tween a tunnel and an adjacent piled foundation (Di Mariano et al., 2007, Ledesma and

Alonso, 2017), however there are very few experimental studies which have considered

this problem. Bilotta (2008) conducted centrifuge tests to investigate the effect of a di-

aphragm wall on soil movements caused by tunnel volume loss in over-consolidated clay;

119
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the study did not explicitly include a structure or foundation system. To the authors’

knowledge, no centrifuge modelling studies have yet been conducted which include all

the interacting components; i.e. tunnel, protective structure, foundations, and structure.

In order to achieve more sustainable cities and enable more efficient and cost-effective

protective measures to be developed, it is necessary to improve our understanding of

these complex interaction problems. Owing to the advantages of centrifuge tests ( it

allows the previous inaccessible data such as axial force along the pile, as well as the

ground deformation shape to be assessed). The geotechnical centrifuge is used as a

platform to investigate the problem stated above.

In this chapter, results from four centrifuge tests are presented, to study the perfor-

mance of protective walls in protecting structures from tunnelling-induced damage. All

tests were conducted at 80 g using dry silica sand. The test layout was discussed in

Chapter 4.4.1, and Table 4.4 summarised the test details. Unlike the tests conducted in

Chapters 4 and 5, a newly designed centrifuge strong box was used (see Figure 4.20).

The strong box inner height was increased from 400 mm to 700 mm, and the eRBM

model tunnel was located 175 mm above the strong box base, which provided 130 mm

of clear distance between the bottom of the tunnel and strong box base. Test GF is a

greenfield tunnelling test where the piled structure and protective wall were not included.

Test CCNM3 repeated Test CCNM2 (presented in Chapter 5), and the same structure

was modelled using the newly developed CCNM (coupled centrifuge-numerical model)

method. Two protective wall tests are presented: CCNM-R-S (where the R denotes a

protective wall, and S denotes a short wall), and CCNM-R-L (where the L denotes a long

wall). The short and long protective walls were 207 mm and 297 mm, respectively. The

long protective wall (297 mm embedded depth) has a clear distance of 85 mm between

the toe of the wall and strong box base. In both tests the protective walls were located

55 mm away from the tunnel centreline and the wall interface was rough. For all four

centrifuge tests (GF, CCNM3, CCNM-R-S and CCNM-R-L), the eRBM model tunnel

was used (as discussed in Chapter 4). Two Dalsa nano-m4020 cameras were adopted

to “track” the soil displacements; the precision of the “tracking” was discussed in Sec-

tion 4.4.4. Figure 7.1 shows the location of the protective wall, piles and the field of view

for geoPIV-RG. The test results presented in this chapter also include bending moments

along the depth of the protective walls measured by fibre Bragg grating (FBG) sensors;

detailed configurations and bending moment calibration procedures were discussed in

Section 4.4.3.

This chapter is structured as follows. The axial force along the piles after centrifuge ac-

celeration are discussed first (follows the discussion in Section 6.2.1). The piles were then

loaded to their designated load. The pile-pile interaction and the effect of pile loading

on a protective wall are then discussed. Results from geoPIV RG are used to investigate
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Figure 7.1: Location of the protective wall, piles and the field of view for geoPIV-RG

the effect of protective walls on tunnelling-induced ground movements (greenfield soil

displacements are compared against the results from tests CCNM3, CCNM-R-S and

CCNM-R-L). The geoPIV RG “tracked” protective wall movements with tunnel volume

loss, and the effect of tunnelling on the protective wall deformations and associated

bending moment along the depth of the walls are discussed. Data from pile head set-

tlements, pile head loads and axial forces along the piles are analysed and presented

to investigate the effect of a protective wall on piled structure response to tunnelling.

Post-tunnelling pile jacking results are discussed, and the axial load capacity of the piles

is identified. Finally, Section 7.3 summarises the main observations and findings from

the tests.

7.2 Interpretation of measured results

7.2.1 Axial force along the piles and pile settlement after centrifuge

acceleration

Figure 7.2 shows the axial force along the piles after centrifuge acceleration for all three

centrifuge tests. The weight of every pile is around 70 grams; at 80 g the pile weight

is 55 N. The grey dotted line in Figure 7.2 shows the theoretical axial force along the

pile due to self-weight of the pile. From Figure 7.2, FBG sensors show that the axial

force along the pile is higher than the self-weight of the pile, which indicates that a

compression force is generated at the soil-pile interface. For most of the piles (apart

from pile 2 and 3 in test CCNM3), the compression force shows a maximum value close

to the tip of the pile. It is believed that these compression forces were caused by the

uneven settlement between the soil and the pile.

To understand the mechanism of the compression force along the pile, it is necessary

to investigate the settlement of the pile with respect to the surrounding soil. During

centrifuge acceleration, pile settlement was measured by the LVDTs; GeoPIV-RG was
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Figure 7.2: Axial force along the pile after centrifuge acceleration

used to measure the soil settlements (at the acrylic window, 75 mm away from the

pile, see Figure 7.1). Figure 7.3 shows the pile and soil settlements after centrifuge

acceleration for all three tests. Piles are assumed to be rigid, with a uniform settlement

along their length. All piles show greater settlements than the surrounding soil at the

lower portion of the piles, and less settlement than the soil at the upper portion of the

piles.

Figure 7.4 illustrates the typical movement of soil along the depth of a pile with respect

to the settlement of the pile after centrifuge acceleration. As the relative displacement

of the soil on both ends of the pile (top and bottom) tends to move towards the centre of

the pile, friction along the pile will mobilise from both directions, and cause the pile to

go into compression; therefore, the axial force along the pile increased (see Figure 7.2).

As discussed in Section 4.4.1, the newly developed strong box was used for the centrifuge

tests present in this chapter. The newly developed strong box has a greater inner height

compared to the one used for test CCNM2 (an increase from 400 mm to 500 mm); as a

result, the depth of the soil was increased. Figure 7.5 shows the pile head settlements

after centrifuge acceleration (three g-cycles) for all the tests using the “old” strong box

(black dots) and the “new” strong box (grey dots). After centrifuge acceleration, in

general, piles show less settlement in old strong box than the “new” strong box. The

pile settlement is affected by the soil settlements, as the amount of soil underneath the

pile in the “new” strong box is greater than the soil in the “old” strong box; therefore, the

total amount of soil settlements due to the increase in effective vertical stress (increase

in g-level) is greater for the soil in the “new” strong box. Assumption was made that

the soil underneath the piles in the “old” strong box has a greater overall stiffness than
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Figure 7.3: Vertical settlement of the soil and piles after centrifuge acceleration

Figure 7.4: Illustration of the pile and soil settlements after centrifuge acceleration

the soil in the “new” strong box due to the proximity of the rigid base of the box. As a

result, the associated pile settlements are affected, which will be discussed later in this

chapter.

7.2.2 Pile loading

The pile loading procedures discussed in Section 6.2.3 were adopted, and Figure 7.6

shows the axial force distribution before (grey line) and after the pile loading (black

line). For tests CCNM-R-S and CCNM-R-L, protective walls were located adjacent

to the piles; for test CCNM3, protective walls were not used. Despite the difference

in testing configurations (with or without protective wall), all four piles in all three

centrifuge tests generally show a greater amount of increase in axial force along the upper

and middle portions of the pile than the lower portion. This response indicates that,

with pile loading, the shaft resistance at the lower portion of the pile is mobilised, and
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Figure 7.5: Pile head settlement after centrifuge acceleration

shaft resistance at the upper and middle portions of the pile is not changed significantly

(consistent with the results discussed in Chapter 6.2.3).

Figure 7.6: Axial force distribution before and after pile loading

Figure 7.7 shows the load-settlement curve for all piles during pile loading. For pile 1

in tests CCNM-R-S and CCNM-R-L, the piles show a less stiff loading response to the

pile in test CCNM3, suggesting that protective wall affects the pile loading response.

For pile 2, the loading response in test CCNM-R-L is less stiff than in test CCNM-R-S,

followed by test CCNM3. Pile 3 in tests CCNM3, CCNM-R-S and CCNM-R-L shows

similar loading stiffness. Pile 4 in all three tests shows different pile loading response.

The reason for these differences is not well understand. It could be caused by variations

during model preparation stages, during the sand pouring stage, however, the average

sand density showed good consistency between the tests.
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Figure 7.7: Pile head settlement during pile loading

To further investigate the “unusual” pile loading behaviour of pile 4, Figure 7.8 shows

the pile head settlement and change in axial force along pile 4 during the loading of the

adjacent pile (Pile 3) in all three tests (CCNM3, CCNM-R-S and CCNM-R-L). During

pile 3 loading, pile 4 head load remained unchanged. In Figure 7.8 (a), the settlement

of pile 4 during pile 3 loading shows a consistent response in all three centrifuge tests,

but in Figure 7.8 (b), the change in axial force along the pile is different. For test

CCNM3 in particular, a small amount of increase in axial force at the lower portion of

the pile is observed, which is similar to the observation for tests CCNM1 and CCNM2

(in Chapter 5, see Figure 6.8). For test CCNM-R-L, a reduction in axial force is observed

at the upper portion of the pile, and axial force at the lower portion remains unchanged.

Test CCNM-R-S shows a reduction in axial force at the upper portion of the pile, but

an increase in axial force at a lower portion. It is believed that these differences in axial

force distribution along the pile between the tests are mainly caused by the localised

inconsistent sand pouring, which would affect the pile load-settlement response.

Figure 7.8: (a) Pile head settlement and (b) change in axial force for pile 4 during
pile 3 loading

The effect of pile loading on the protective wall was analysed by measuring the bending

moment along the wall using FBG sensors. Figure 7.9 shows the bending moment profile

of the walls in both tests (CCNM-R-S and CCNM-R-L) after pile loading. The bending

moment of the wall close to the depth of the pile tip increased in both tests. It is believed
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that the pile loading causes the soil close to the pile tip to move laterally towards the

wall, hence applying additional horizontal pressure to the wall. The geoPIV-RG data

observed from the front acrylic window did not indicate the soil movements towards the

wall close to the pile tip after pile 1 loading, this is because the soil displacement is not

plane strain; where the soil movements close to the pile tip (located in the middle of the

strong box) do not necessary equal the soil movements located behind the front acrylic

window (see Figure 7.1).

Figure 7.9: Bending moment along the protective wall after pile loading

This phenomenon does not apply in practice. During pile loading (construction of the

upper superstructure), protective wall does not exist. For the centrifuge tests discussed

in this section, the model protective wall is placed in the designated location prior to

sand pouring. During centrifuge pile loading, the wall can acts as a “protective wall” to

prevent the soil movements caused by pile loading (especially for pile 1). As a result, the

soil close to the pile tip after pile loading may experience greater stress than the case

without protective wall. In practice, Ledesma and Alonso (2017) reported the use of

bored piles to act as a protective wall to protect sensitive constructions from tunnelling.

The construction of the bored pile involves excavation of soil along the depth of the wall,

which could cause stress release to the surrounded soil. Such stress release process is

not simulated correctly within the centrifuge tests, hence the stiffness of the soil close to

the protective wall is higher in the centrifuge tests than in reality. These differences will

affect global TPSI (tunnel pile structure interaction) behaviour. However, the effects

are unknown and not the focus of this research.

7.2.3 The effect of protective walls on tunnelling-induced ground move-

ments

Figure 7.10 shows the ground surface vertical and horizontal displacements for tests GF,

CCNM3, CCNM-R-S and CCNM-R-L at a tunnel volume loss of Vl,t=1, 2 and 2.8 %. For
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test GF, the piled structure and protective wall are not considered. For test CCNM3,

the ground movements due to tunnelling are affected by the loaded piles (piled struc-

ture), and for tests CCNM-R-S and CCNM-R-L, the ground movements are affected

by the protective structures and loaded piles. All the CCNM tests include pile load

redistribution due to the existence of a framed building, with full details provided in

Section 4.3.2.

Figure 7.10: Measured surface displacement: (a) vertical settlement, (b) horizontal
displacement (positive value is moving downwards or towards right)

In general, the vertical and horizontal displacements increase with tunnel volume loss

for all three tests. It is worth to notice that the vertical and horizontal displacements
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discussed in this section are not measured under plane strain condition due to the exis-

tence of the piles. For test CCNM3, the ground surface settlements at the right side of

the tunnel (where the piled structure was located) are slightly greater than the settle-

ments given in test GF at the same location under the same tunnel volume loss (effect

of loaded piles). Test GF provides slightly greater horizontal displacements towards the

tunnel than test CCNM3 for the soil located around 0.5-1.0 x/Dt. For test CCNM3, the

horizontal movement of the piles was limited by the support frame located at the top

of the strong-box, hence piles prevent the nearby soil horizontal displacements. For this

research, the horizontal displacement and bending moment actuation (pile rotation) of

the pile is not considered, as the vertical load is believed to be the dominating factor

and the primary focus of this research (Franza et al., 2017).

For test CCNM-R-S, the soil on the retained side of the wall (x/Dt >0.7) shows a

broadly similar magnitude of vertical settlement to the soil in test CCNM3, suggesting

that the length of the wall in test CCNM-R-S was not sufficient to reduce tunnelling-

induced surface soil settlement at the location of the building. In test CCNM-R-S, the

surface soil horizontal displacements close to the wall (x/Dt between 0 and 1) shows less

displacement towards the tunnel than the soil in test CCNM3. As a result, it can be

summarised that for test CCNM-R-S, the wall did not significantly reduce tunnelling-

induced surface soil displacement in the vertical direction at the location of the building,

but for horizontal movements, the wall provided a limited degree of protection.

For the vertical settlement in test CCNM-R-L, the amount of settlement behind the wall

(x/Dt >0.7) is minimal. For a given tunnel volume loss, surface soil settlements located

“in front” of the wall (x/Dt <0) are greater than the soil in the greenfield condition

(Test GF). Lesser horizontal soil displacements towards the tunnel were observed in test

CCNM-R-L than CCNM-R-S. The longer wall in test CCNM-R-L had a more significant

effect than the shorter wall in test CCNM-R-S, providing a greater level of reduction

of surface soil displacements (vertical and horizontal). To quantify the reduction in

soil displacements associated with pile settlement due to the use of protective walls,

efficiency parameter is used, and this efficiency is discussed in Section 7.2.5.

Figure 7.11 presents the vertical soil displacement contours for all four centrifuge tests at

a volume loss of Vl,t=2.0 %. For the greenfield test (Test GF), a concentrated zone of the

major vertical settlements was observed above the tunnel crown. Test CCNM3 shows a

similar settlements shape, despite the fact that the piled structure is located at the right-

hand side of the tunnel (which causes greater surface settlements, and the geoPIV-RG

data is not measured along plane of piles, see Figure 7.1). For test CCNM-R-L (“long”

protective wall), the soil located on the retained side of the wall (x/Dt > 0.7) shows

less settlement than the soil at equivalent distance on the opposite side (x/Dt < −0.7).
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For test CCNM-R-S, the soil behind the wall does not show a as significant reduction

in soil settlements as CCNM-R-L. For both protective wall tests, the chimney-like soil

settlement mechanism above the tunnel crown tends to “tilt” towards left.

Figure 7.12 shows the horizontal soil displacement contours for all four centrifuge tests

at a volume loss of Vl,t=2.0 %. The the greenfield test (Test GF) presents a symmetric

shape in the displacement field, and the major zones of horizontal displacements are

located slightly above both sides of the tunnel springline (agreeing with observations

from Chapter 4). The major horizontal displacement zones propagate towards the soil

surface with an inclined angle and generate zones of large horizontal displacements at

the surface. The horizontal displacements along the tunnel centre line show very mini-

mal displacement and generate a boundary line that distinguishes the soil displacements

directions (moving towards the left or right). For test CCNM3, as discussed previously,

the piles located at the right side of the tunnel tend to reduce tunnelling-induced hor-

izontal soil movements in the region around the piles. As a result, the boundary line

(distinguishing the soil displacement directions) is tilted slightly towards the right. For

tests CCNM-R-S and CCNM-R-L, in general, the horizontal soil displacements behind

the wall are less than the soil displacements in test CCNM3. For test CCNM-R-S, the

major zone of horizontal displacement was located close to the tunnel springline (identi-

fied from test GF), which will encourage the toe of the protective wall to move towards

the left. For test CCNM-R-L, the toe of the wall was located below the tunnel invert.

Data from Zhou (2015) (greenfield tunnelling) showed that the soil around the bottom

half of the tunnel undergoes very little to no displacements. Therefore, the soil displace-

ments around the toe of the protective wall are expected to be very small. However, a

zone with concentrated horizontal displacement is observed at the retained side of the

wall at a depth between z/zt= 0.4-1.2. Such concentrated displacements were caused

by the deformation of the wall around the depth of the tunnel spring line and will be

discussed in Section 7.2.4.

7.2.4 Protective wall response to tunnelling

The displacement of the protective wall with tunnel volume loss was measured by the

cameras located at the front of the model box. One side of the protective wall facing

towards the cameras was painted with random black lines to increase the “tracking”

texture (colour contrast), and clear plastic strips were used to prevent sand intruding

into the gaps between the side of the wall and the front acrylic window (as discussed in

Section 4.4.3). Figure 7.13 shows the horizontal displacement (Sh) and bending moment

along the walls for both tests as it varies with tunnel volume loss.
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Figure 7.11: Contours of vertical settlement (mm) at Vl,t=2.0 % for all tests (soil
moving downwards is positive)
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Figure 7.12: Contours of horizontal movement (mm) at Vl,t=2.0 % for all tests (soil
moving to the right is positive)
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Figure 7.13: Horizontal displacement and bending moment along the wall with tunnel
volume loss: (a) horizontal displacement, (b) bending moment

Despite the efforts adopted to prevent sand intrusion into the gaps between the side of

the walls and the front acrylic window, some sand particles were observed at the toe

of the wall in both tests, and the geoPIV-RG displacement data close to the toe of the

wall was not used (sand intrusion makes the displacement data not reliable ). Therefore,

the displacement was estimated based on the deformation shape of the wall (upper and

middle portions of the walls).

The deformed shape of the “short” and “long” protective walls is very different. For test

CCNM-R-S, the toe of the wall was located at a depth of tunnel springline (z/zt= 1).

With tunnel volume loss, the major zone of horizontal displacements towards the tunnel

identified in Figure 7.12 was located above the tunnel spring line (z/zt= 0.8), and

the tunnelling-induced soil movements tended to move the toe of the wall towards the

tunnel. The displacement at the upper portion of the wall (close to the soil surface) is

minimal. A maximum negative bending moment is observed at a depth of z/zt= 0.8 in

Figure 7.13 (b). Referring back to the horizontal displacement plot (Figure 7.13 (a)), the

displacement below z/zt=0.8 was not recorded (sand intruded into the interface), the
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assumed wall displacement towards the tunnel is consistent with the bending moment

profile. For test CCNM-R-L, the toe of the wall is located below the tunnel, where the

surrounding soil experiences limited movement during tunnelling. With an increase in

tunnel volume loss, the middle portion of the wall (above to the tunnel spring line at

z/zt=0.8-1.0) shows the most horizontal displacement towards the tunnel, whereas the

upper portion of the wall moved towards the right (clockwise rotation). The fixity of the

wall beneath the tunnel level causes clockwise wall rotation at a depth of z/zt ≈ 0.4; the

soil located near the upper portion of the wall provides little resistance (low horizontal

confining stress) and can not prevent the wall from rotating. The bending moment

profile for test CCNM-R-L shows a minimum value at the upper portion of the wall

(z/zt= 0-0.4), whereas a maximum positive bending moment is located at the middle

portion of the wall near the level of the tunnel (z/zt= 0.8-1.0). Also, a small amount of

negative moment is located at the very bottom of the wall. As a result, estimated wall

displacement close to the toe of the wall is believed to be close to zero.

To summarise, the displaced shape of the protective wall highly depends on the length

of the wall with respect to the depth of the tunnel. For CCNM-R-S, the tunnelling-

induced ground movements caused the toe of the wall to move towards the tunnel, with

maximum negative bending moment located at a depth of z/zt= 0.8. For CCNM-R-L,

the toe of the wall was located below the tunnel, and experienced limited displacement.

With an increase in tunnel volume loss, soil movements towards the tunnel occurred at

a depth of z/zt= 0.8, resulting in a clockwise rotation motion at the upper part of the

wall.

7.2.5 The effect of protective walls on pile settlement and pile head

load distribution with tunnelling

Figure 7.14 shows the pile head settlement with tunnel volume loss for all three centrifuge

tests (CCNM3, CCNM-R-S and CCNM-R-L), as well as the results for test CCNM2

(using the “old” strong box). In test CCNM-R-L, the settlement of pile 1 is significantly

less than the settlement in the other tests (CCNM2, CCNM3 and CCNM-R-S). This

is due to the use of the “long” protective wall which reduces tunnelling-induced soil

movements on the retained side of the wall (as discussed in Section 7.2.3). For pile 1 in

test CCNM3, as the protective wall was not used, the pile shows the greatest settlement

with tunnelling. The magnitude of pile 1 settlement with tunnelling in tests CCNM2

and CCNM-R-S is similar. For pile 2, test CCNM-R-L shows the least pile settlement,

followed by tests CCNM-R-S and CCNM3. For pile 2 in test CCNM2, the amount of pile

settlement with tunnelling is less than test CCNM3 due to the use of “old” strong box

(which will be discussed later). For pile 3, the amount of pile settlement with tunnelling
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is generally less than pile 1 and pile 2 in all four centrifuge tests. With tunnelling, test

CCNM-R-L provided the least pile settlement, and the pile 3 settlement in test CCNM-

R-S and CCNM3 show similar magnitude, whereas pile 3 in test CCNM2 presents the

lowest settlement with tunnelling. For pile 4, as the location of the pile is furthest

away from the tunnel and protective wall, the effect of the protective wall on pile head

settlement is minimal, and all tests present a similar settlement with tunnelling result

for tests CCNM3, CCNM-R-S and CCNM-R-L. For pile 4 in test CCNM2, settlement

observed is less than the other tests (which all used the “new” strong box).

Figure 7.14: Pile head settlement with tunnel volume loss

The above data indicate that under a given tunnel volume loss, pile settlement in test

CCNM2 is less than test CCNM3. As discussed previously (Section 7.2.1), test CCNM3

repeated test CCNM2 using the newly developed strong box, which has a greater soil

depth below the pile tip. The difference in model container has a clear effect on the

resulting soil and pile displacements during tunnelling. The difference in pile settlement

(∆Sp/dp, where ∆Sp = SCCNM3 − SCCNM2) between the two tests is presented in

Figure 7.15. The difference in pile settlement is affected by tunnel volume loss and the

location of the pile (x/Dt). For a tunnel volume loss Vl,t=1 or 2 %, the difference in
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pile settlement decreases with x/Dt for piles 2, 3 and 4; pile 1 shows less difference than

pile 2. With further increase in tunnel volume loss (Vl,t=2.8 %), the difference in pile

1 settlement is greater than pile 2, 3 and 4. The degree of difference in pile settlement

between the two tests (CCNM2 and CCNM3) is proportion to tunnel volume loss for

each pile, and the difference is decreased with the pile further away from the tunnel.

Such a difference in pile settlement is mainly affected by the amount of soil below the

pile tip. For the “old” strong box the soil underneath the pile has greater overall stiffness

than the soil in the “new” strong box, and during tunnel volume loss (the stress releases

process) piles are expected to settle more in the ‘1less stiff” soil (soil within the “new”

strong box).

Figure 7.15: The difference in pile settlement with tunnelling between tests CCNM2
and CCNM3

Tests GF, CCNM3, CCNM-R-S and CCNM-R-L are conducted in the “new” strong

box, which has same soil depth and test conditions, and the relative results are valid.

From the above discussion, it can be summarised that the use of protective walls can

reduce tunnelling-induced pile settlement. It is possible to quantify the efficiency of the

protective walls in terms of pile settlement. The maximum efficiency of a protective

wall is assumed that the tunnelling-induced pile settlement is fully prevented (zero pile

displacement), whereas the other extreme case is that the protective structure has zero

protection to pile settlement (wall does not exist). Centrifuge tests CCNM-R-S and

CCNM-R-L should fall into these two extreme cases. As a result, the efficiency of the

protective structure for every pile can be defined as:

ηrsVl,t =
SVl,t − SrsVl,t

SsVl,t
× 100% (7.1)
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where S is the pile settlement, the subscript Vl,t indicated the tunnel volume loss, and the

superscripts rs referred to the case that protective wall is considered and the case without

the use of protective wall is referred to as SVl,t . Figure 7.16 shows the efficiency parameter

ηrsVl,t for all four piles with tunnel volume loss in both tests (CCNM-R-S and CCNM-

R-L). The efficiency parameter varies with tunnel volume loss and pile location. For

test CCNM-R-S (“short” protective wall), with increase in tunnel volume loss (Vl,t=0-

1.5 %), the efficiency parameter for all four piles decreased, and with further increase

in tunnel volume loss (Vl,t > 1.5 %), the parameter increased slightly. The pile located

closet to the tunnel (Pile 1) shows the highest efficiency value, followed by piles 2, 3 and

4. For test CCNM-R-L, Pile 1 shows an increase in efficiency parameter with tunnel

volume loss; for pile 2 and 3, the efficiency varies with tunnel volume loss (similar to

CCNM-R-S). For pile 4, the efficiency initially decreases with tunnel volume loss and

tends to flatten out when Vl,t > 1.5 %.

Figure 7.16: Efficiency parameter ηrsVl,t
with tunnel volume loss

In general, the variation of efficiency parameter for all four piles is not very sensitive

to tunnel volume loss, but is more significantly affected by the location of the pile. As

a result, the average efficiency parameter ηrs (regardless of tunnel volume loss) for all

four piles is plotted against the relative position of the pile to the tunnel (x/Dt) in

Figure 7.17. In test CCNM-R-L, the average efficiency parameter decreases with an

increases in x/Dt and shows higher value of efficiency than test CCNM-R-S.

Figure 7.18 shows the pile head load with tunnelling for all tests (CCNM3, CCNM-R-S

and CCNM-R-L), as well as the results from test CCNM2 (using the “old” strong box).

The effect of the superstructure on pile head load was discussed in Section 6.2.5 (based

on the results from tests CCNM1 and CCNM2). In general, for test CCNM3 (repeat

of test CCNM2), pile 1 head load decreased with tunnel volume loss, and the decreased

load from pile 1 tends to transfer to the adjacent piles, which causes an increase in pile



Chapter 7. Protective walls to reduce building damage from tunnelling 137

Figure 7.17: Average efficiency parameter ηrs with respect to pile location

2 head load and a very little increase in pile 3 head load. Meanwhile, due to the stiffness

of the superstructure pile 4 head load decreased with tunnelling, hence part of the pile

4 head load was also transferred to piles 2 and 3.

Test CCNM-R-S shows similar load transfer among the piles to test CCNM3. At

Vl,t=2.8 %, pile 1 head load in test CCNM-R-S decreased by 32 N, which is less than

CCNM3 (pile 1 head load decreased by 40 N). For pile 2, at Vl,t=2.8 %, pile head load

increased by 42 N in test CCNM-R-S and 56 N in CCNM3. Pile 3 head load increased by

12 N and 11 N in tests CCNM-R-S and CCNM3, respectively. For pile 4, a decrease in

pile head load of about 22 N and 25 N WAS observed for tests CCNM-R-S and CCNM3

at Vl,t=2.8 %. The above results indicate that the use of the “short” protective wall

(CCNM-R-S) reduces the load transfer between the piles, but the pile head settlement

with tunnelling is similar to test CCNM3 (see Figure 7.14).

For Test CCNM-R-L (“long” protective wall), where the toe of the wall was located

below the tunnel invert, at Vl,t=2.8 %, pile 1 head load increased slightly by about 5 N,

and the adjacent pile 2 head load decreased by about 8 N. In the same time, pile 3 head

load increased by about 3 N and pile 4 head load remained unchanged. As a result, the

use of the “long” protective wall significantly reduced the amount of load transferred

between the piles during tunnel volume loss.

In addition, Figure 7.18 presents the pile head load with tunnelling for test CCNM2

(using the “old” strong box). In Figure 7.14, the pile settlement data shows that for a

given tunnel volume loss, settlement of the piles in test CCNM2 is less than test CCNM3,

and the difference in pile settlement between the two tests increases with tunnel volume
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Figure 7.18: Pile head load with tunnel volume loss

loss. In test CCNM2, the pile 2 head load increased more significantly with tunnelling

than in test CCNM3. Piles 1, 3 and 4 in test CCNM2 show similar load change with

tunnelling as in test CCNM3, and the difference in pile head load is minimal. Tests

CCNM2 and CCNM3 have the same structure layout (same structure stiffness), and the

pile head load was governed by the deformation of the structure (relative displacement

between the piles). The difference in structure deformation shape between the two tests

will be discussed in the next section.

7.2.6 Settlement and deformation of structures

Figure 7.19 shows the settlement of the modelled structure in the following five centrifuge

tests at a tunnel volume loss of Vl,t=2.8 %: CL (zero structure stiffness; using the “old”

strong box), CCNM2 (using the “old” strong box), CCNM3 (using the “new” strong

box), CCNM-R-S (“short” protective wall; using the ‘new’ strong box) and CCNM-R-

L (“long” protective wall; using the “new” strong box). The magnitude of structure

settlement between tests CL and CCNM2 is similar, suggesting structure stiffness has a
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limited effect on tunnelling-induced structure settlement. For test CCNM3, in general,

the structure settlement is greater than test CCNM2; this is because the height of the

strong box used in these two tests was different (as discussed in Section 7.2.5). The use

of the protective wall can prevent the pile head settlement due to tunnelling-induced

ground movements; test CCNM-R-S shows less structure settlement than CCNM3, and

CCNM-R-L shows a significant reduction in structure settlement compared to other

tests.

Figure 7.19: Structure settlement at Vl,t = 2.8%

To quantify the deformation of a structure, Son and Cording (2005) developed a set of

equations to calculate the angular distortion (β), see Figure 7.20:

Figure 7.20: Illustrate of the structure layout and angular distortion calculation
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Angular distortion(β) = Slope(S)− Tilt(θ)

Slope(S) =
Sv,A − Sv,B

L

Tilt(θ) =
(Sh,A − Sh,D) + (Sh,B − Sh,C)

2H

(7.2)

For each frame, as the highlighted frame in Figure 7.20 for example, a angular distortion

value (β) can be calculated based on the displacement of the four structure joints (A,

B, C and D), where the L is the length of the structure bay, and H is the height of the

structure storey, and Sv and Sh is the vertical and horizontal displacement of a structure

joint, respectively.

Figure 7.21 shows the angular distortion (β) of the frames in each bay at a tunnel volume

loss of Vl,t = 2.8%. For the frames in Bay 1, with the increase in structure level, the

angular distortion (β) decreased, suggesting the amount of structure distortion reduced

at the upper level, and test CCNM2 and CCNM3 shows similar angular distortion (β)

value with increase in structure level, and CCNM-R-S shows the least value then other

two tests (CCNM2 and CCNM3). The angular distortion for the frames in test CCNM-

R-L is not presented in Figure 7.21, because the value is minimal, and changes very little

with structure level; a factor that will be discussed next. For Bay 2 and 3, the value of

angular distortion for the frames are in negative value, suggesting the different distortion

direction compared with the frames in Bay 1, and with the increase in structure level,

the angular distortion decreased, which is similar to the observation in Bay 1.

Figure 7.21: Angular distortion of the frames in 3 bays at a tunnel volume loss of
Vl,t = 2.8%

Based on the above data, it can be suggested that for the structure, the most signif-

icant angular distortion undergoes at the lowest structure level (level 1) with tunnel

volume loss, and Figure 7.22 shows the angular distortion of the frame at level 1 with

tunnelling for tests CCNM2, CCNM3, CCNM-R-S and CCNM-R-L. For Bay 1 level

1 frame, with tunnelling, the value of angular distortion increased in tests CCNM2,
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CCNM3 and CCNM-R-S. Test CNM2 and CCNM3 shows similar angular distortion

value with tunnelling, referring back to Figure 7.19, despite the fact that test CCNM2

has greater pile settlement than CCNM3 (due to the use of different strong box, depth

of the soil below the pile tip is different), the general structure frame distortion is similar

in tests CCNM2 and CCNM3. The distortion of the frames governs the pile head load,

and referring back to Figure 7.18, the difference in pile head load between the two tests

is minimal. With the use of “short” protective wall, test CCNM-R-S shows a slightly

lower value of angular distortion with tunnelling than test CCNM3. For test CCNM-R-L

(use “long” protective wall), the angular distortion is minimum with tunnel volume loss

in Bay 1, and the value is negative, suggesting the direction of the angular distortion

for Bay 1 in test CCNM-R-L is different to the other tests.

For Bays 2 and 3, negative angular distortion values are observed for tests CCNM2,

CCNM3 and CCNM-R-S. With the increase in tunnel volume loss, tests CCNM2 and

CCNM3 show a similar increase in angular distortion value (absolute value), and CCNM-

R-S shows less increase than tests CCNM2 and CCNM3. For test CCNM-R-L, the

angular distortion value increases slightly with tunnelling, but the value is insignificant.

Based on the above results, the use of protective wall had some ability to protect the

structure from distortion caused by tunnelling-induced soil movements. The degree of

angular distortion decrease with structure level, where the most significant frame dis-

tortion is located at the lowest structure level, and for each bay, the degree of distortion

decreased for the Bay located further away from the tunnel.

Figure 7.22: Angular distortion of the frame at level 1 with tunnelling

7.2.7 The effect of protective walls on the axial force distribution along

the piles and change in pile shaft resistance with tunnelling

Figure 7.23 presents the axial force along the piles with tunnelling for tests CCNM3,

CCNM-R-S and CCNM-R-L. As discussed in Section 6.2.6, the axial force along the

pile is mainly affected by two mechanisms: (1) change in pile head load due to structure
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stiffness, and (2) the effect of tunnelling-induced ground movements (pile-pile interaction

is not considered in this study).

Figure 7.23: Pile axial load at Vl,t = 0, 1, 2, and 2.8 % : (a) CCNM3 1, (b) CCNM-
R-S, (c) CCNM-R-L

For pile 1 in test CCNM3, pile head load decreased with tunnelling due to the effect

of structure stiffness, and the axial force along the upper portion of the pile decreased

(mechanism 1). In addition, the axial force close to the pile tip reduced; as discussed in

Section 6.2.6, the axial force along the lower portion of the pile is mainly affected by the

tunnelling-induced ground movements (mechanism 2). For pile 1 in test CCNM-R-S,

pile 1 head load decreased with tunnelling, as well as the force close to the pile tip; the

change in axial force close to the pile tip is similar in magnitude to test CCNM3. For pile
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1 in test CCNM-R-L, the pile head load remains unchanged, and the axial force at the

lower portion of the pile decreased (similar to pile 1 in tests CCNM3 and CCNM-R-S).

These results suggest that, despite the use of protective walls, for pile 1, the axial force

along the lower portion of the pile decreases with tunnelling (loss of pile end bearing

load), and is mainly affected by the tunnelling-induced ground movements (mechanism

2). Referring back to Figure 7.12, despite the use of protective walls, both tests CCNM-

R-S and CCNM-R-L show horizontal displacement towards the tunnel along the lower

portion of the pile z/zt=0.8 (where the pile 1 is located). The decrease in pile 1 axial force

at the pile tip (loss of pile end bearing load) is clearly affected by the tunnelling-induced

horizontal soil movements (applies to tests CCNM3, CCNM-R-S and CCNM-R-L).

For pile 2 in test CCNM3, pile head load increased with tunnelling, and the axial force

along the depth of the pile increased accordingly; the amount of increase in end bearing

force with tunnelling is less than the pile head load. For pile 2 in test CCNM-R-S, pile

head load increased with tunnelling, the axial force along the upper portion of the pile

increased, and the axial force along the lower portion of the pile remain unchanged,

suggesting the increased force was taken by the shaft friction at the middle and upper

portions of the pile. Based on the above data, it can be suggested that for pile 2

in CCNM3, the increased pile head load was mainly taken by the end bearing force,

whereas for pile 2 in CCNM-R-S, the increased pile head load was mainly taken by shaft

friction at the middle and upper portions of the pile. As a result, the tunnelling-induced

ground movements (mechanism 2) have a limited effect on pile 2 in test CCNM-R-S

(prevented by the protective wall). For pile 2 in test CCNM-R-L, the pile head load

and end bearing force have minimum change with tunnelling, and the axial force at the

middle and upper portions of the pile reduced, suggesting some degree of load transfer

at the middle portion of the pile.

For pile 3, all three tests show a minimal change in axial force with tunnelling. For pile 4

in tests CCNM3 and CCNM-R-S, pile head load decreased due to the effect of structure

stiffness. Therefore, the axial force along the pile reduced (mechanism 1). For pile 4 in

test CCNM-R-L, the pile head load remained unchanged with tunnelling, and the axial

force along the pile reduced with tunnelling, the amount of change in axial force was

minimal.

Prior to tunnel volume loss, piles were loaded to the designated load, and piles settled

during pile loading (see Figure 7.7). To resist pile settlement, upwards shaft friction

along the lower portions of the piles is mobilised (discussed in Section 7.2.2). During

tunnel volume loss, tunnelling-induced soil movements affect the pre-existing shaft fric-

tion along the pile, and to balance the force applied to the pile (affected by the structure

stiffness), additional shaft friction along the pile is developed. Figure 7.24 shows the
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change in unit shaft friction (∆fvl(z)) along the pile with tunnel volume loss for cen-

trifuge tests CCNM3, CCNM-R-S and CCNM-R-L. The definition of ∆fvl(z) is given

in Section 6.2.5 (see Equation 6.2). To help understand the development or change in

shaft fraction along the pile with tunnelling, Figure 7.25 shows the soil settlements with

respect to the pile for all three tests at a tunnel volume loss of Vl,t=2.8 %. For every test,

two cameras were used to capture the soil movements behind the acrylic window. As a

result, captured soil movements are not necessarily equal to the soil movements around

the pile. In addition, soil settlements with respect to a pile are defined as Sv − Sp (soil

settlements along the length of the pile minus pile settlement); if the value is positive

then the soil settled more than the pile.

For pile 1 in test CCNM3, the pile settlement is higher than the soil settlement along

the depth of the pile. As a result, the pile can be assumed as being “pushed down”. For

the soil at the upper portion of the pile, to resist the settlement of the pile, the upwards

shaft friction is mobilised, and the unit shaft resistance along the upper portion of the

pile is increased (Figure 7.24 (a1)). For the soil close to the lower portion of the pile,

due to the tunnelling-induced soil movements, the unit shaft friction decreased. For pile

1 in test CCNM-R-S, with the “short” protective wall, soil settlements with respect to

the pile are less than in test CCNM3 (black dashed line in Figure 7.25 pile 1), but in

general, pile 1 settlement in test CCNM-R-S is still greater than the soil. Therefore,

to resist pile settlement, the shaft friction along the upper portion of the pile increased

(Figure 7.24 (b1)). In addition, unlike pile 1 in test CCNM3, a small increase in shaft

friction at the lower portion of the pile is identified in test CCNM-R-S (Figure 7.24 (b1)).

For pile 1 in test CCNM-R-L, the pile head load remains unchanged with tunnelling,

while the pile end bearing force reduced. As a consequence, the shaft resistance increased

at the lower and upper portion of the pile (Figure 7.24 (c1)). A reduction in shaft

resistance is observed along the middle portion of the pile, but the amount is minimal.

For pile 2 in tests CCNM3 and CCNM-R-S, the soil at the upper portion of the pile

(close to the soil surface) shows greater settlement than the pile (Figure 7.25 pile 2). As

a result, the soil tends to “drag down” the pile, and the shaft friction along the upper

portion of the pile increased in the tests CCNM3 and CCNM-R-S (Figure 7.24 (a2, b2)).

For pile 2 in test CCNM-R-L, the soil settlements at the upper portion of the pile are less

than the pile settlement (Figure 7.25 pile 2 dotted line), similar to pile 1 in test CCNM-

R-L. Therefore, the pile is being “pushed down”, and to resist the pile settlement,

upwards shaft friction is mobilised (an increase in unit shaft resistance at the upper

portion of the pile, see Figure 7.24 (c2) ). For pile 2 in tests CCNM3 and CCNM-R-S,

reductions in unit shaft resistance are identified along the middle portion of the pile

(Figure 7.24 (a2, b2)). It is believed that the tunnelling-induced soil movements caused

such reductions. In addition, the soil at the lower portion of the pile is not affected
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Figure 7.24: Change in unit shaft resistance at Vl,t = 0, 1, 2, and 2.8% : (a) CCNM3,
(b) CCNM-R-S, (c) CCNM-R-L

by the tunnelling-induced soil movements, and with the increase in pile 2 settlement,

upwards shaft friction along the lower portion of the pile increased (Figure 7.24 (a2, b2)).

For pile 2 in test CCNM-R-L, the shaft friction along the middle and lower portions of

the pile reduced with tunnelling (Figure 7.24 (c2)). Referring back to Figure 7.12,

a concentrated zone of horizontal soil displacements was identified at a soil depth of

z/zt =0.5-0.8 (close to the middle and lower portions of the pile) with a horizontal

distance between x/Dt=0.8-1.4 (located at the front of pile 2, which has a horizontal

distance of x/Dt=1.6 ). This major horizontal soil movement zone causes the loss of end
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Figure 7.25: Soil settlements with respect to the pile along the depth of the pile at a
tunnel volume loss of Vl,t = 2.8%

bearing force for pile 1 and reduces pile 2 soil confining pressure, therefore decreasing

the shaft friction along the middle and lower portions of the pile (Figure 7.24 (c1, c2)).

For pile 3 in all three tests, soil along the upper portion of the pile settles greater than the

pile (Figure 7.25 pile 3). Therefore, the soil tends to “drag down” the pile, and the unit

shaft resistance at the upper portion of the pile increases. All three tests show a minimal

change in pile head load with tunnelling, and the overall change in shaft resistance along

the middle and lower portions of the pile is minimal (Figure 7.24 (a3, b3 and c3)).

For pile 4, an increase in shaft friction along the upper portion of the pile is identified

for all three tests, similar to pile 3. Therefore, it is believed that the soil settlements

close to the soil surface are higher than the settlement of pile 4 in all three tests (soil

close to pile 4 was out of the camera field of view). As pile 4 is located furthest away

from the tunnel, the effect of tunnelling-induced soil movements on pile shaft resistance

is minimal.

7.2.8 The effect of protective walls on post-tunnelling pile jacking re-

sponse

The shaft resistance along the piles may be affected by the tunnelling-induced soil move-

ments, which could affect the post-tunnelling pile jacking response. Figure 7.26 shows

the load-settlement curves for all piles in tests CCNM3, CCNM-R-S and CCNM-R-L,

as well as the “greenfield” pile jacking for test PJ (pile 2). Piles were jacked into the soil

using a displacement control method, with a jacking rate of 0.1 mm/s; the pile jacking

method was discussed in section 6.2.2. In addition, to further investigate the pie jacking
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stiffness with increase in pile head load, Figure 7.27 shows the global secant stiffness of

the pile versus pile head load. The global secant stiffness was determined as the change

in pile head load (∆Qt) from the initial pile head load prior to pile driving, divided by

the pile head settlement (Sp) (as done in Section 6.2.7).

Figure 7.26: Load-displacement curves: test PJ, CCNM3, CCNM-R-S and CCNM-
R-L

For pile 1, the pile jacking response in Figure 7.26 for tests CCNM3 and CCNM-R-S

is similar, as well as the global stiffness curve (Figure 7.27). Pile 1 in test CCNM-R-L

shows less pile jacking stiffness than the other two tests (CCNM3 and CCNM-R-S), and

the stiffness degrades faster than the other two tests. For pile 2, “greenfield” pile jacking

shows the least stiffness, followed by the pile in test CCNM-R-L and CCNM-R-S. Pile 2

in test CCNM-R-L shows similar load-displacement curve to pile 1 in test CCNM-R-L

(Figure 7.26), and pile 2 stiffness degrades faster than the other two tests (CCNM3

and CCNM-R-S), see Figure 7.27. For pile 3, all three tests (CCNM3, CCNM-R-S and

CCNM-R-L) show similar load-displacement curve shape (Figure 7.26), and under a

given pile head load, the pile stiffness in all three tests is greater than the “greenfield”

test PJ (Figure 7.27). For pile 4, the load-displacement curve shape varies between the

tests, and test CCNM3 shows the greatest pile jacking stiffness compared to the other
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Figure 7.27: Post-tunnelling pile global stiffness with pile head load

tests, followed by CCNM-R-S. Pile 4 in test CCNM-R-L shows the most rapid stiffness

degradation of all piles.

Based on the above data, it can be summarised that the post-tunnelling pile driving

response is affected by the protective wall as well as the position of the pile with respect

to the tunnel. The “long” protective wall (CCNM-R-L) shows the lowest pile jacking

stiffness, and the stiffness degrades faster in the other tests. For the “short” retailing

wall (CCNM-R-S), piles 1, 3 and 4 showed similar load-settlement curve shape to the

piles in test CCNM3, and pile 2 showed greater stiffness degradation than the pile in

test CCNM3.

After tunnel volume loss, shaft resistance along the pile was affected by the tunnelling-

induced soil movements. In Section 6.2.2, pile 1 unit shaft resistance reduced with

tunnelling (for tests CCNM2 and CCNM3). During post-tunnelling pile jacking, with

the increase in pile settlement, the shaft friction along the pile re-mobilised, and greater

pile settlement is required to fully re-mobilised the shaft resistance for the pile which

lost greater shaft resistance during tunnelling. Similar logic can be applied to the post-

tunnelling pile jacking result in this chapter, where Figure 7.28 shows the pile shaft
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resistance with jacking for tests(CCNM3, CCNM-R-S and CCNM-R-L, as well as the

data from the “greenfield” pile jacking test PJ (pile 2).

Figure 7.28: Shaft resistance of piles: test PJ, CCNM3, CCNM-R-S and CCNM-R-L

For ‘greenfield’ pile jacking (test PJ) in Figure 7.28 (black dashed line), the shaft re-

sistance was fully mobilised at Sp/dp ≈ 8 %. For pile 1, the amount of pile settlement

required to fully mobilise the shaft friction is different in three tests (CCNM3, CCNM-

R-S and CCNM-R-L). The shaft resistance for pile 1 in test CCNM3 was fully mobilised

at Sp/dp ≈ 7.5 % (black dotted line in Figure 7.28). In test CCNM-R-S and CCNM-

R-L, the resistance was fully mobilised at Sp/dp ≈ 6 % and Sp/dp ≈ 5 %, respectively

(grey and back solid line in Figure 7.28). For pile 1, referring back to Figure 7.24 (a),

the unit shaft friction along the depth of the pile reduced most for test CCNM3. For

pile 1 in tests CCNM-R-S and CCNM-R-L, despite the fact that the unit shaft friction

along the middle portion of the pile shows negative values (reduction in shaft friction),

the overall unit shaft friction stays positive. Therefore, during pile jacking, to fully

re-mobilise shaft friction along the pile, greater pile settlement (Sp/dp ≈ 7.5 %) is re-

quired for CCNM3 than the other two tests (Sp/dp ≈ 6 % and Sp/dp ≈ 5 % for test

CCNM-R-S and CCNM-R-L). For piles 2 and 3, all three tests (CCNM3, CCNM-R-S

and CCNM-R-L) show a similar amount of pile settlement Sp/dp ≈ 5 % to fully mobilise
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shaft resistance (Figure 7.28 pile 2 and 3). For pile 4, test CCNM3 shows greater pile

settlement (Sp/dp ≈ 10 %) than tests CCNM-R-S and CCNM-R-L (Sp/dp ≈ 7.5 %) to

fully mobilise the shaft resistance.

Figure 7.29 shows the load settlement path history for piles in tests PJ, CCNM3, CCNM-

R-S and CCNM-R-L. The centrifuge test procedure as discussed in Section 4.4.6 can be

categorised into three stages: (1) Piles loaded to the designated working loads, where

detailed loading sequence and magnitudes have been discussed in Subsection 4.3.7; (2)

followed by the tunnel volume loss process with a small increments of approximately

Vl,t = 0.1%; (3) post-tunnelling pile jacking (see Figure 7.29 Pile 1 for reference numbers

and load settlement direction).

For pile 1 in test CCNM-R-L (Figure 7.29 black solid line), the amount of settlement

during tunnel volume loss is not significant (stage 2), and the post-tunnelling load-

settlement curve shows similar shape to the pile in test PJ, but with smaller pile head

load value. For pile 1 in tests CCNM3 and CCNM-R-S, during tunnel volume loss, the

piles settled greater than the pile in test CCNM-R-L. Despite the fact that the settle-

ment in stage 2 is significant, piles in tests CCNM3 and CCNM-R-S showed relatively

consistent response during post-tunnelling pile jacking, and the curve converged to the

curve in test PJ after pile settlement is greater than Sp/dp = 15%.

For pile 2 in test CCNM-R-L, during post-tunnelling pile jacking (stage 3), the pile

shows greater settlement than the piles in other three tests (CCNM-R-S, CCNM3 and

PJ) under a given pile head load. For pile 3 and 4, the load-settlement curves did not

present a significant difference between the tests. It is believed that jacking of a pile

will affects the response of the adjacent pile. Hence, the results from pile 2, 3 and 4 are

affected by the pile jacking of the previous adjacent pile, and no obvious conclusion can

be made based on the current data set.

7.3 Summary and conclusions

The use of a protective wall to protect structures from tunnelling-induced damage was

investigated in this chapter. The displacement of the pile head, load transfer between the

piles and the axial force changes along the depth of the pile were presented. The effect

of a protective wall on tunnelling-induced soil movement mechanisms was investigated

using geoPIV RG data. With the use of FBGs along the depth of the protective wall, the

effect of tunnelling-induced soil movements on wall deformation and associated bending

moment profiles was measured. Results from four centrifuge tests were presented: a

“greenfield” tunnel volume loss test (Test GF), a test with a piled structure (CCNM3),
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Figure 7.29: Load-settlement path history for piles

and two tests involving the use of protective walls (test CCNM-R-S and CCNM-R-L).

Based on the obtained results, the following conclusions can be made:

• Pile loading can affect the existing protective wall; after pile 1 loading, the protec-

tive walls showed a negative bending moment close to the pile tip, suggesting that

the pile loading caused additional soil horizontal pressure towards the wall at the

depth around the pile tip. This phenomenon does not relate to reality, where the

protective wall does not exist during pile loading (construction of the building).

In practice, the protective wall is constructed after the piled structure prior to

tunnelling, during the protective wall construction, stress release at the depth of

the wall will cause disturbance to the adjacent pile instead. The effect of such

differences is unknown and is not the main focus of this research.
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• Based on the geoPIV-RG data, it can be concluded that the use of a “long” pro-

tective wall can prevent vertical and horizontal soil displacements more efficiently

than a “short” wall. The length of the wall could affect the deformation shape of

the wall, as well as the bending moment along the depth of the wall. For a “short”

wall, where the toe of the wall is located at the tunnel springline, the tunnelling-

induced soil movements around the tunnel springline could cause the toe of the

wall to move towards the tunnel. For the “long” protective wall, where the toe of

the wall is located below the tunnel, a limited amount of displacement is observed

at the toe, but the wall moves towards the tunnel around a depth of z/zt=0.8.

• During tunnel volume loss, the use of a protective wall can prevent tunnelling-

induced pile head settlement, and the efficiency of the protective wall to protect

tunnelling-induced pile head settlement was evaluated. Based on the current piled

structure configuration (4 piles located adjacent to the tunnel), the efficiency (ηrsVl,t)

depends mainly on the relative location of the pile with respect to the tunnel (x/Dt)

and is less affected by the magnitude of tunnel volume loss. The “long” protective

wall provides greater efficiency than the “short” wall in general.

• The settlement of the piles during tunnel volume loss does not necessarily indicate

the deformation of the structure, which governs the pile head load distribution.

The angular distortion of each frame is calculated to evaluate the distortion of the

structure. In general, the most distorted frame is located closest to the tunnel. For

tests CCNM2 and CCNM3, the angular distortion of the frame shows similar value

with tunnelling, despite the fact that test CCNM2 shows greater pile settlement.

For tests CCNM-R-S, the angular distortion of the frame shows a slightly lower

value than the frame in test CCNM3, suggesting that the use of a “short” protective

wall can reduce the distortion of the frames. Besides, the angular distortion for the

frames in test CCNM-R-L shows minimum value with tunnelling, suggested that

the use of a “long” protective wall can prevent frame distortion due to tunnelling.

• After pile loading to the designated load (prior to tunnel volume loss), the axial

force along the pile increased, and the shaft resistance along the lower portion of

the pile increased. During tunnel volume loss, tunnelling-induced soil movements

affect the pre-existing shaft friction along the pile, and to balance the force applied

to the pile (affected by the structure stiffness), new shaft friction along the pile is

developed. For piles located most close to the tunnel (pile 1), the shaft resistance

close to the pile tip reduced with tunnelling, and the “long” protective wall can

reduce the amount of decrease in shaft resistance along the lower portion of the

pile. For the piles located further away from the tunnel (piles 3 and 4), the effect

of tunnelling-induced soil movements on pile shaft resistance is minimal.
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• After tunnel volume loss, post-tunnelling pile jacking tests were conducted. The

shaft resistance along the pile re-mobilised with pile jacking. To fully re-mobilise

shaft resistance, greater pile settlement was required for the piles where shaft re-

sistance was more significantly reduced during tunnelling. For “long” protective

wall, less shaft resistance was reduced during tunnelling, thus the amount of set-

tlement required to fully mobilise the shaft resistance in test CCNM-R-L was less

than in tests CCNM3 and CCNM-R-S.



Chapter 8

Conclusions and

recommendations for further

research

The rapid increase in urban population requires efficient urban transport systems to re-

duce traffic congestion and travel time. Utilising underground infrastructure systems is

probably the most recognised solution to reduce the congestion of a city, and a large part

of these underground systems is made up of tunnels. Nowadays, due to the restricted

access and highly occupied underground space, tunnels are being built close to, under-

neath or even clashing with the existing buried infrastructure and building foundations.

Therefore, tunnelling could cause potential damage to the existing assets, and protec-

tive structures have been used in practice to reduce such potential damage. However,

the high uncertainty regarding the consequence of tunnelling on existing assets and the

limited understating of the effect of protective measures on existing assets makes the

current protective measures generally costly.

This research aims to improve the understanding of tunnel, soil, piled structure and

protective wall interaction (TSPPWI) problems. This research is intended to develop

experimental applications and to obtain previously unattainable results, which will en-

able a better understating of the complex TSPPWI problems. In this research, the

coupled centrifuge numeric modelling (CCNM) was used to address the current limita-

tion in modelling piled structure within the geotechnical centrifuge environment, and

optical Fibre Bragg Grating (FBG) sensing technique was applied within the CCNM

application to overcome the limitations of the conventional strain gauges. This chapter

reviews the findings and details presented within the previous chapters and provides

some recommendations for future research.
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8.1 Conclusions

8.1.1 Experimental methods, equipment, and testing configurations

In general, this research involves three main test packages: (1) greenfield tunnelling in

sand, (2) effects of tunnelling on piled structures and (3) the use of protective walls to re-

duce buildings from tunnelling-induced damage. Chapter 3 provided detailed centrifuge

testing developments related to the above three test packages, as well as the testing

procedure and experimental set-up.

This research includes some important novel experimental developments, which can be

summarised as: (1) a rigid boundary mechanical model tunnel, (2) a modular actuator

that enables load/displacement control, (3) further improvement of the current coupling

centrifuge numerical modelling system and (4) integration of Fibre Bragg Grating sen-

sors within the centrifuge environment to measure the physical strain. It is believed

that this research represents one of the first applications of FBG sensors in a geotech-

nical centrifuge. The detailed developments and applications have been discussed in

Chapter 3.

8.1.2 Tunnelling in sandy ground

As discussed in Chapter 5, there are two different ways to simulate 2D tunnel volume

loss in a geotechnical centrifuge, which are fluid-filled flexible membrane (FM) model

tunnel and rigid boundary mechanical (RBM) model tunnel. As a result, the ground

deformations were affected by the tunnel boundary conditions (flexible or rigid).

Three centrifuge tests were conducted in Chapter 5 using the newly developed eccentric

rigid boundary mechanical (eRBM) model tunnel with cover to diameter (C/D) ratios

of 1.3, 2.0 and 2.4. The results from the above tests as well as data from other sources

(where different types of model tunnels were used) were compared to investigate the

effect of tunnel boundary conditions on resulting soil displacement.

Both methods allow the plane-strain tunnel volume loss simulation under centrifuge

environment. Unlike the FM model tunnel, the RBM model tunnel boundary is fixed,

and the tunnel volume loss shape is pre-defined. For the FM model tunnel, the tunnel

boundary displaced shape is unknown. Therefore, during centrifuge spin-up, for FM

model tunnels, the internal tunnel pressure of the water is different to the lateral earth

pressure of the soil. Such difference in soil displacement around the tunnel during

centrifuge spin-up is investigated in this research.
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For centrifuge tests, at a given tunnel volume loss (Vl,t), the eRBM model tunnel showed

a similar magnitude and shape in vertical soil settlements to the FM model tunnel.

However, for horizontal soil displacements, the eRBM model tunnel provided a greater

magnitude than the FM model tunnel. By assessing the horizontal displacement contour,

the eRBM model tunnel generated a greater zone of major horizontal displacements

located close to the tunnel spring line. The centrifuge results showed that the settlement

trough shape developed by the eRBM model tunnel is wider than the FM model tunnel.

A set of the equations was developed based on the eRBM model tunnel centrifuge results

to predict the settlement trough shape parameter K∗ and K∗∗.

The soil volume loss close to the tunnel crown (Vl,s) was shown to be smaller than tunnel

volume loss (Vl,t), suggesting that the soil close to the tunnel crown underwent dilation

with tunnelling. For soil further away from the tunnel crown, an increase in soil volume

loss was identified for centrifuge tests. This increase in soil volume loss suggested an

overall soil contraction behaviour above the tunnel crown.

The outcome of this work provided a more in-depth understanding of the effect on model

tunnel boundary conditions and will help future researchers considering which type of

model tunnel to be adopted when developing centrifuge tests related to tunnelling.

8.1.3 The effect of tunnelling on piled structures

Four centrifuge tests are conducted in Chapter 6 to study the effect of tunnelling on piled

structures. Two different structure stiffness are investigated: fully flexible (constant load

on each pile) and full structure stiffness (structure stiffness simulated using a numerical

model within the CCNM application). FBG sensors were used to measure the axial force

along with four model piles during centrifuge tests.

The in-flight pile jacking test was carried first to determine the pile axial load capacity; all

four piles were jacked into the ground. An assumption was made that the ultimate load

capacity of a no-displacement pile is defined at the point when the pile shaft resistance is

fully mobilised. Based on axial force along with the pile measured by the FBG sensors,

the shaft resistance along the pile was fully mobilised at Sp/dp (pile head settlement/pile

diameter) of about 8%.

Only one piled structure location is considered, where the tunnel is being excavated

adjacent to the piled structure. During tunnel volume loss, the pile located closest to

the tunnel (pile 1) presented the greatest pile head settlement, and the difference in pile

1 settlement between the tests (centrifuge test with fully flexible structure stiffness and

fully structure stiffness) is not significant, and the pile settlement decreased when the
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pile is located further away from the tunnel. Based on the pile settlement data between

the tests (fully flexible or fully structure stiffness), it seems that the structure stiffness

does not have significant effect on pile settlement.

For the centrifuge tests with fully structure stiffness (structure stiffness simulated), pile

head load varied with tunnel volume loss (effect of structure stiffness). For the pile

located closest to the tunnel (pile 1), pile head load was decreased with tunnelling,

where the decreased pile head load from pile 1 will transfer to the other piles, and

most of the load from pile 1 was apparently transferred to the adjacent pile (pile 2, see

Figure 4.8 for pile numbering). Therefore, the increase in pile 2 head load caused a

greater pile head settlement compared with the pile 2 in the installation with flexible

structure stiffness (Test CL, constant pile head load).

With the use of FBG sensors, the axial force along the four model piles was measured.

The axial force along the piles was mainly affected by two mechanisms: (1) change

in pile head load due to structure stiffness, (2) the effect of tunnelling-induced ground

movements; there is also pile-pile interaction, but his research focuses on the above two

mechanisms. Based on the FBG measurement data, the axial force along the upper por-

tion of piles 1 and 2 was mainly affected by the change in pile head load (mechanism 1),

and the axial force along the lower portion of the piles 1 and 2 was affected by tunnelling-

induced ground movements (mechanism 2). For pile 3, the effect of mechanisms 1 and 2

was insignificant, and for pile 4, the axial force along the pile was decreased (mechanism

1).

The change in unit shaft resistance along the depth of a pile with tunnel volume loss

can be calculated from the variation of axial force measured by the FBG sensors. In

addition, the increase in shaft resistance could be caused by upwards shaft resistance

or an increase in downwards shaft resistance, and the pile and soil settlements could

indicate the direction of the increase in pile shaft resistance. For pile 1 in centrifuge

tests with full structure stiffness (test CCNM1 and CCNM2), the increase in unit shaft

resistance along the upper portion of the pile is caused by the upwards shaft friction, as

the soil tends to resist the downward movement of the pile. For pile 2 in test CCNM1 and

CCNM2, the overall change in unit shaft resistance is not significant, and it is believed

that the pile base has taken the majority of the increased load from the pile head. For

pile 3, the changes in unit shaft friction along the pile are small. For pile 4, the shaft

friction at the lower portion of the pile was less affected by tunnelling-induced ground

movement than pile 1.

After tunnel volume loss, post-tunnelling pile jacking tests were carried out. During pile

jacking, the shaft friction was re-mobilised, and more pile settlement was required for the

case where more reduction in shaft resistance had been taken place during tunnelling.
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In general, the post-tunnelling pile axial capacity is affected by (1) the pile position

with respect to the tunnel, (2) the tunnel volume loss prior to pile jacking, (3) pile-pile

interaction, and (4) the initial pile head load before pile jacking.

To summarise, two structure stiffnesses were tested using CCNM system (fully flexible

structure stiffens and fully structure stiffness), the work demonstrated the importance of

structure stiffness effect on pile settlement and pile head load transfer. The use of FBG

sensors provided previously unattainable model pile axial force measurements within

the CCNM applications. This work improved the accuracy of superstructure simulation

within geotechnical centrifuge tests. It is believed that the outcome of this work could

further improve the understating of complex tunnel, pile, structure interaction problems,

and offer alternative approaches to simulate superstructure and measure engineering

strain within geotechnical centrifuges.

8.1.4 The use of protective structures to reduce buildings from tunnelling-

induced damage

In practice, protective walls have been adopted as a barrier between the tunnel and adja-

cent piled structures to reduce structures from tunnelling-induced damage. In Chapter 7,

four centrifuge tests were presented to improve the understanding of the tunnel, soil,

piled structures and protective walls interaction (TSPPWI) problems. Two protective

walls (made out of aluminium plate) were used with different embedded depths, referred

to as “short” (toe of the wall located at the tunnel spring line) and “long” (toe of the

wall located below the tunnel invert). FBG sensors were used to measure the bending

moment along the walls during tunnel volume loss.

Two cameras were used to “track” the soil displacement. In general, the horizontal soil

displacements behind the walls (both “short” and “long” wall) are less than the soil

displacements in the centrifuge test without a wall (test CCNM3). For the centrifuge

test with a “short” wall (test CCNM-R-S), the major zone of horizontal displacement

was located close to the tunnel springline, whereas for the test with a “long” wall (test

CCNM-R-L), as the toe of the wall was located below the tunnel invert with limited soil

movements, the horizontal displacement close to the tunnel springline is not as significant

as in the test CCNM-R-S. The observed soil displacements from the tests suggested that

the use of a protective wall can reduce the soil movements on the building side of the

wall.

Two cameras were also used to measure the displacement of the protective walls with

tunnelling. It was found that the displaced shape of the protective wall was highly
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depends on the length of the wall. For test CCNM-R-S (use of “short” wall), tunnelling-

induced soil movements caused the toe of the wall to move towards the tunnel, with

maximum negative bending moment (see Figure 7.13 for the direction of bending mo-

ment) at a depth of z/zt = 0.8. For test CCNM-R-L, soil movements towards the tunnel

occurred at a z/zt = 0.8, with limited wall displacement at the toe of the wall, resulting

in a clockwise rotation motion at the upper part of the wall.

Based on the pile head settlement data, it is suggested that the use of protective walls can

reduce tunnelling-induced pile settlement. The efficiency of the protective walls can be

quantified in terms of pile settlement, where the maximum efficiency of a protective wall

is assumed to be when the tunnelling-induced pile settlement was fully eliminated, and

the other extreme case is when the protective wall had zero protection to pile settlement

(wall does not exist). The centrifuge tests CCNM-R-S and CCNM-R-L should fall into

these two extreme cases. In general, the variation of efficiency parameter for all four piles

was not very sensitive to tunnel volume loss but was more significantly affected by the

location of the pile. The efficiency parameter decreases with an increase in pile distance

from the tunnel, and CCNM-R-L shows higher efficiency value than test CCCNM-R-S,

in general, see Figure 7.17.

The pile head load data indicated that the use of a “long” protective wall significantly

reduced the amount of load transferred between the pile during tunnel volume loss. For

test CCNM-R-S, the “short” wall reduced the load transfer between the piles, but the

pile head settlement with tunnelling is similar to test CCNM3.

Test CCNM-R-S showed less structure settlement than CCNM3, and test CCNM-R-L

showed a significant reduction in structure settlement compared to other tests. To quan-

tify the deformation of a structure, the angular distortion for each frame was calculated.

The results indicated that for the structure, the most significant angular distortion with

tunnel volume loss was experienced at the lowest structure level, see Figure 7.21. With

tunnel volume loss, test CCNM-R-L showed minimum structure distortion, followed by

test CCNM-R-S. The results in Figure 7.22 suggested that the use of “long” protective

wall will significantly reduce the differential settlement between the piles, whereas the

use of ‘short’ protective wall seems to have limited effect on reducing differential pile

settlement.

After tunnelling, pile jacking tests were conducted. With the use of the “long” protective

wall, less shaft resistance was reduced during tunnelling. Thus the amount of settlement

required to fully mobilising shaft resistance during pile jacking was less than in tests

CCNM-R-S and CCNM3.
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The outcomes from these tests could improve the understanding of the complex tunnel,

soil, piled structure and protective walls interaction (TSPPWI) problems. The use

of FBG sensors on the protective walls offered the previously unattainable bending

moment measurement along the wall, and the use of the CCNM system improved the

accuracy of structure simulation within the geotechnical centrifuges. The work presented

in Chapter 7 will help engineers to refine their design of protective walls in practice, and

enable more efficient and cost-effective protective measures to be adopted.

8.2 Guidance for practical application

From engineering’s point of view, to reduce or prevent structures from tunnelling induced

damages is important. The works carried out in this research investigated the effect of

tunnelling on the adjacent piled structure. In addition, two protective walls were used

to reduce uneven settlement. Due to the limited variations (depth of the wall is varied),

and only one case of tunnelling location with respect to the piled structure is considered,

it is difficult to provide full guidance for practical application. Based on the current data

and the investigated geometry, the following suggestions can be provided:

• For the pile located closest to the tunnel, greater pile settlement is expected than

other piles during tunnel volume loss. Therefore, it is suggested to increase the size

of the pile during the construction of the piled structure to reduce the potential

pile failure at the post-construction tunnelling stages.

• Based on the structure deformation data, greatest angular distortion is expected

to exist for the frames located closest to the tunnel (in both horizontal and vertical

direction). Therefore, it is suggested to add additional braces to the frame located

close to the tunnel.

• The use of protective wall can reduce tunnelling induced uneven settlement, there-

fore reducing the damages to the adjacent structures. Therefore, introducing a

protective wall between the tunnel and adjacent piled structure is a reasonable

solution in practice.

• Different length protective walls will cause significant differences in the deformed

shape of the wall, therefore, it is suggested to take extra consideration of bending

moment calculation along the wall during the design stage.

• Figure 7.17 provided the average efficiency parameter ηrs with respect to pile

locations. Despite the limited amount of data sets, it is suggested that the depth

of the wall should be located below the tunnel invert by one diameter of the tunnel
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to allow the protective wall to have a better performance in reducing tunnelling

induced soil movements.

8.3 Recommendations for future work

The newly developed eccentric rigid boundary mechanical (eRBM) model tunnel has

been successfully implemented within the centrifuge tests. Improvements could be made

in terms of the available calibration data for the numerical models. The use of pressure

sensors (e.g. Tekscan) in the centrifuge tests would enable the measurement of lateral

soil pressure, which improves the understanding of the soil response during spin-up and

tunnelling, thereby providing additional data for validation of numerical models.

The newly developed pile loading system (modular actuator) combined with the real

time interface allows for relatively quick and easy simulation of different piled structures

and testing configurations. So far, only one type of piled structure layout has been tested

(piled structure adjacent to the tunnel), hence further research could be conducted to

investigate the effect of different locations of the structure with respect to the tunnel, for

example, the piled group is located above the tunnel. In addition, different structures

can be considered within the numerical model of the CCNM application replicating

different buildings (stiffness of the structures), and more advanced structural models

could be implemented to consider structural non-linearity (e.g. connections, damage).

The model pile used for this research was an aluminium tube, which can not replicate

the brittle failure of a reinforced concrete pile in prototype scale. Simulation of realistic

concrete piled foundation behaviour in the centrifuge using “model” piles can be achieved

in the future (Knappett et al., 2010), with the FBG sensors integrated within these piles.

Further research can be carried out to develop the model concrete piles that can replicate

the characteristics of full-scale concrete piles.

The use of protective walls considered in this research only varied the length of the wall,

and only one protective wall offset distance (adjacent to the tunnel) was considered.

Further research could be conducted to investigate the effect of wall stiffness, type of

wall (secant pile wall, or contiguous pile wall) as well as the surface roughness of the

wall.

The centrifuge tests and numerical simulations carried out in this thesis considered a

row of four piles adjacent to a model tunnel in a 2D plane-strain scenario, and the model

tunnel simulated within the centrifuge deforms uniformly along the length of the tunnel,

where the tunnel excavation sequence is not considered. Further research could aim

to study global 3D tunnel-soil-foundation-superstructure interaction problems. A 3D
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model tunnel that can simulate tunnel advancement within the centrifuge is suggested,

and the associated 3D surface soil movements could be assessed using three-dimensional

imaging system (Le et al., 2018).
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