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Abstract

Tunnel excavation in urban areas causes ground movements that could dam-

age existing nearby piled structures. In practice, to protect structures from

tunnelling-induced damage, a stiff protective wall can be constructed be-

tween the tunnel and the adjacent piled structure. In this paper, results

from four hybrid geotechnical centrifuge tests (where data are coupled be-

tween the centrifuge and numerical models) are used to quantify the effect of

protective walls on reducing the impact of tunnelling on an adjacent framed

building with four piles. Two protective walls with different embedded depths

are considered: a ‘shallow’ wall with its toe at the tunnel axis depth and a

‘deep’ wall with its toe below the tunnel invert. Compared to the ‘no-wall’

case, the ‘deep’ protective wall is shown to significantly reduce uneven pile

settlements, structural distortions, and load transfer (through the building)

between piles; the ‘shallow’ wall is shown to have little benefit. Data from the
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instrumented walls and piles are used to explain the dominant mechanisms

at play and investigate how the load is redistributed within the piles.

Keywords: Tunnelling, Centrifuge modelling, pile, structure, protective

wall
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Highlights1

• Effect of protective walls on reducing the impact of tunnelling on piled2

structures.3

• Protective walls can reduce the tunnelling induced ground movements4

on the retained side.5

• Protective wall could reduce pile settlement and structural distortions.6

• The impact of the protective walls on pile shaft resistance development.7
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1. Introduction8

Tunnel construction frequently takes place close to existing piled struc-9

tures. The associated stress relief can affect the equilibrium state and cause10

uneven settlements among the piles, potentially leading to the superstruc-11

ture’s damage. Geotechnical centrifuge testing has been widely used to study12

the tunnel-pile-structure interaction (TPSI) problem (Hong et al., 2015; Ja-13

cobsz, 2003; Lee et al., 1999). Generally, piles have been either individually14

loaded or rigidly connected, neglecting the effect of structure stiffness on pile15

loading. Recent centrifuge tests conducted by Franza et al. (2019) and Song16

and Marshall (2020b) have accounted for the effect of structural stiffness and17

demonstrated that the structure stiffness affects the load transfer among piles18

during tunnel volume loss, with a resulting change in the shaft resistance and19

load distribution within individual piles.20

In practice, a ‘protective wall’ can be built between the building and the21

tunnel to reduce or prevent structure damage (Ledesma and Alonso, 2017).22

As described by Di Mariano et al. (2007), this stiff wall generally consists of23

a row of bored piles. The case studies reported by Di Mariano et al. (2007)24

and Ledesma and Alonso (2017) focus mainly on the structure deformation25

and ground displacements; no data are available to assess the load transfer26

between piles or the changes in shaft resistance along the piles that occur27

with tunnelling. In addition, there are very few experimental studies which28

have considered this problem. Bilotta (2008) conducted centrifuge tests to29

investigate the effect of a diaphragm wall on soil movements caused by tunnel30

volume loss in over-consolidated clay; the study did not explicitly include a31

structure or foundation system. To the authors’ knowledge, no experimental32
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studies have been conducted which include all the interacting components,33

i.e. tunnel, protective structure, pile foundations, and structure.34

This paper presents results from four geotechnical centrifuge tests to35

study the tunnel-wall-pile-structure interaction (TWPSI) problem. Two36

model protective walls were tested in the centrifuge with different embedded37

depths; a ‘shallow’ wall where the toe of the wall was located at the tunnel38

springline and a ‘deep’ wall where the toe was located below the tunnel in-39

vert. Fibre Bragg grating strain sensors were used to measure axial forces and40

bending moments along the depth of the piles and protective walls, respec-41

tively. The effect of protective walls on tunnelling-induced ground movements42

is analyzed first, using greenfield and ‘no-wall’ test cases as a reference. The43

deformation of the protective walls and the bending moments induced along44

the walls with tunnel volume loss are then studied. The effect of protective45

walls on pile settlements is analyzed using the method from Xu et al. (2020),46

the deformation and damage of the building are assessed. Finally, the impact47

of the protective walls on how shaft resistance develops along the piles during48

tunnel volume loss is presented.49

2. Centrifuge experimental setup50

Four centrifuge tests, summarised in Table 1, were conducted on the51

University of Nottingham Centre for Geomechanics’ (NCG) 2 m radius, 50 g-52

tonne geotechnical centrifuge at an acceleration of 80 times gravity (i.e., 80 g).53

Figure 1 shows the test geometry in model scale for tests TWPSI 1 and 2,54

including the simulated (numerically; discussed later) steel frame structure55

configuration (in prototype scale). Test TPSI is identical to the test layout56
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shown in Figure 1 except that the protective wall is not included; hence57

results can be directly compared against tests TWPSI 1 and 2. Note that58

results from test TPSI were also presented in Song and Marshall (2020b)59

(labeled as TPSI3 in that paper). Test GF is a greenfield tunnelling test,60

where piles and the protective walls were not included, used as a reference61

for comparison with all other tests.62

The general test geometry was identical in all tests, with the four piles63

added to the GF test geometry to obtain the TPSI test, then the protective64

wall added to obtain the TWPSI tests. For the TWPSI tests, two protective65

wall lengths were considered: the first with a depth of 207 mm, equivalent to66

the depth of the tunnel axis (termed the ‘shallow’ wall; test TWPSI 1), and67

the second with a depth of 297 mm, with its base one tunnel radius beneath68

the tunnel invert (termed the ‘deep’ wall; test TWPSI 2). The protective69

walls were located between the tunnel and first pile of the pile group, with the70

central axis of the wall being 55 mm away from the tunnel axis (dw = 55 mm).71

72

2.1. Centrifuge model73

The centrifuge model layout for test TWPSI 2 is illustrated in Figure 2.74

The centrifuge strongbox has internal dimensions of 150 mm width, 700 mm75

length, and 500 mm height. An eccentric rigid boundary mechanical (eRBM)76

model tunnel (Song et al., 2018; Song and Marshall, 2020a) was used to77

replicate tunnelling ground loss, with an initial diameter of 90 mm and a clear78

distance of 130 mm between the bottom of the tunnel and the strongbox base.79

The model tunnel can provide non-uniform radial displacements around the80

tunnel lining, causing maximum soil displacement at the tunnel crown and81
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Table 1: Summary of centrifuge tests (model scale)

Test label Final tunnel

volume loss Vl,tf

Structure

stiffness †

Length of

the wall Lw

GF 2.8 % NA NA

TPSI 2.8 % F NA

TWPSI 1 3.1 % F 207 mm

TWPSI 2 3.0 % F 297 mm

GF = greenfield; TPSI = tunnel-pile-structure interaction

TWPSI = tunnel-wall-pile-structure interaction

† NA = not applicable; F=Structure with full stiffness

no displacements at the tunnel invert.82

For tests TPSI and TWPSI 1 and 2, a hybrid modeling approach was83

adopted to simulate the effect of the connected frame structure, known as the84

coupled centrifuge-numerical modeling (CCNM) technique (Idinyang et al.,85

2018; Franza and Marshall, 2018a). In these tests, the structural analysis86

is conducted in a numerical simulation (a virtual structural domain), which,87

for a given input of pile head displacements, solves for pile head load based88

on the characteristics of the building. The soil, piles, and protective walls89

were all included in the centrifuge model (the physical geotechnical domain).90

Further details of the adopted CCNM technique for these tests are provided in91

Song and Marshall (2020b). The structural numerical model was developed92

using ABAQUS (Hibbitt, 2002), where a five-storey steel frame building was93
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Figure 1: Tests TWPSI1 and 2 layout in model scale

considered. A linear elastic constitutive model was used for the building94

columns and beams (see Figure 2 for dimensions), with a Young’s modulus95

E = 210 GPa and a Poisson’s ratio of ν = 0.3. Note that beams are connected96

to the web of the columns instead of the flange, which could provide greater97

bending stiffness; see Figure 1 for the column orientation. The building98

elements such as stairways, façades, and bracings were not considered in the99

numerical model. Based on variable (7.5 kN/m2) and permanent (3 kN/m2)100

loads given by Eurocode (Gulvanessian et al., 2009) (specifications for storage101

purpose buildings), an initial load of 2,364 kN was applied to the two inner102

piles (piles 2 and 3; see Figure 1) and 1,630 kN for the two outer piles (piles103

1 and 4; loads in prototype scale). In the numerical model, a hinged joint104

was assumed at the base of the columns (where they would connect to the105
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pile caps) since the real rotational stiffness at this connection is not known106

(consistent with Idinyang et al. (2018)). Franza et al. (2017) illustrated that107

the influence of this pile-structure connection is minor for framed buildings108

with isolated pile heads, as is the case in this study, hence the impact of this109

assumption is minimal.110

The pile head loads were applied to the model piles via the loading system111

illustrated in Figure 2. The loading system was controlled under a LabVIEW112

environment, which enables either force or displacement control of the pile113

heads. Each model pile was connected to a linear actuator (driven by a114

stepper motor) via a loading shaft. A die spring was used between the driving115

actuator and a loading shaft to reduce the sensitivity of the load response116

to movements of the actuator. A 5-kN in-line load cell was connected to117

the pile to measure the pile head load. To measure the pile settlement, four118

linear variable differential transformers (LVDTs) were placed at the base of119

the supporting frame with their armatures resting on plates fixed to the pile120

heads.121

Two cameras (Dalsa nano-m4020, Teledyne DALSA, Canada) were placed122

in front of the acrylic wall, and GeoPIV-RG (Stanier et al., 2015) was used123

to calculate soil displacements from the obtained images. The precision of124

the GeoPIV-RG measurements was evaluated using the procedure applied125

by Marshall and Mair (2011); Song and Marshall (2020a); two images were126

taken successively at elevated gravity (80 g) during a time when no soil127

displacements were imposed (i.e. no tunnel volume loss) and horizontal and128

vertical displacements were assessed based on 53 260 subset patches from the129

images. The standard deviation of horizontal and vertical displacements was130
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found to be 1.57 µm and 1.77 µm, respectively.131

Figure 2: Centrifuge model layout for test TWPSI 2

2.2. Model piles and protective walls132

The model piles used in this study were made from hollow aluminum133

tubes with an outer diameter of 10 mm and a wall thickness of 1 mm. To134

increase the interface roughness, sand (the same as the main soil body) was135

bonded to the surface and toe of the model piles using epoxy, which gave136

a final pile diameter of 11 mm (≈ 0.8 m in prototype scale). In practice, a137
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0.8 m diameter concrete pile has an axial stiffness EA = (10− 14)× 103 MN,138

assuming the concrete has a Young’s modulus E = 20− 28 GPa. The hollow139

aluminum model piles (ignoring the effect of epoxy/sand coating) have an140

axial rigidity EA = 19.4×103 MN in prototype scale, which is slightly higher141

than the 0.8 m full-scale concrete pile.142

A 10 mm thick aluminum plate was used in the centrifuge test to model143

the protective wall. The width of the aluminum plate is 148 mm, where144

the width of the strongbox is 150 mm. At prototype scale, the aluminium145

model protective wall has a flexural rigidity EI = 34.8 × 103 MNm2. In146

practice, an unreinforced 0.8 m thick concrete wall has a flexural rigidity of147

EI = 10 − 14 × 103 MNm2 (assuming the same Young’s modulus range as148

used previously). Therefore, in terms of bending rigidity, the aluminum plate149

represents a 1-1.2 m thick unreinforced concrete wall. The sand was bonded150

to the model wall’s surface and base to increase the interface roughness,151

consistent with the method used for the model piles.152

2.3. Fibre Bragg Grating sensors and calibration153

In this study, Fibre Bragg Grating (FBG) sensors were used to measure154

the axial force along the model piles, as well as the bending moments along155

the model protective walls. Unlike conventional strain gauges, where the156

gauges are normally bonded to the outer surface of the model pile or wall,157

which can create an irregular outer surface profile and change the model158

surface roughness, FBG sensors can be installed inside the model pile or159

wall due to their relatively small size and lightweight nature. The FBG (an160

intrinsic sensing element) can be photo-inscribed into a silica fiber using an161

excimer laser. The laser etches a certain length of the fiber at regular spacings162
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Λ (referred to as the ‘grating pitch’). As described by Kersey et al. (1997),163

the basic principle of the FBG sensor is to measure the shift in wavelength164

of the light reflected by this grating (referred to as a ‘Bragg’) due to strain165

or temperature changes.166

Figure 3 presents a schematic diagram of the FBG system adopted in167

this study (additional details are described in Song et al. (2021)). Two four-168

channel FBG interrogators (SmartScan SBI, Smart Fibres Ltd, Bracknell)169

with a wavelength range between 1528 to 1568 nm at a frequency of 2.5 kHz170

were used to measure the FBG wavelength shifts. Fiber optic splitters (cou-171

plers) were used to reduce the number of signals from the eight fibers (four172

piles each containing 2 fibers) down to four fibers for FBG interrogator (1).173

The splitters have an even split ratio from one input fiber to two output174

fibers. The FBG interrogators were mounted in the centrifuge data acquisi-175

tion systems (DAS) cabinet, which, during centrifuge tests where the model176

on the centrifuge cradle experienced a nominal 80 g, the cabinet was exposed177

to g-levels of 4-7 g. Data generated from the FBG interrogators was trans-178

ferred via an Ethernet cable to an onboard gigabit switch (1). The gigabit179

switch (1) was connected to a fiber optic rotary joint via a subscriber connec-180

tor (SC) optical cable, and the output data was then transferred to gigabit181

switch (2), which was located in the centrifuge control room and linked to a182

computer. This setup allows the real-time logging of the FBG data from the183

control room during centrifuge tests.184

For each model pile, two FBG optical fibers were attached along opposing185

inner surfaces of the aluminum tubes. The elongation strain of the FBG186

sensors can be directly correlated to the physical strain along a model pile.187

12



Figure 3: FBG sensor system adopted in this study
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The FBG sensors were made from a single-mode optical fiber, with each fiber188

containing three FBG sensors (denoted B1-B3 or B4-B6, see Figure 3) written189

by an excimer laser with a center wavelength of 1530, 1535, 1540 nm or 1545,190

1550, 1560 nm. For pile 2, one additional FBG sensor was used to measure191

the ambient air temperature during centrifuge tests (temperature change192

will cause additional straining of the model pile due to thermal expansion or193

contraction). Song et al. (2021) showed that for the same setup described194

here, an ambient air temperature increase of about 0.7 ◦C caused an increase195

of ≈ 0.3 ◦C within a buried pile, which resulted in a variation of axial force196

within the pile of ≈ 12 N. This estimated force due to temperature change197

was corrected from readings presented later in this paper. Note that this198

correction mainly affects the absolute value of measured forces; there was199

little effect on the measurement of change in pile axial forces during the200

tunnel volume loss process because the change in temperature was negligible201

during this time (most temperature change occurring during the centrifuge202

spin-up process).203

The axial force of each pile was directly correlated with the FBG wave-204

length shift (∆λB) through calibration tests. A Global Digital Systems205

(GDS) load frame was used to apply an axially compressive force to each206

pile within a temperature-controlled room, with each calibration exercise207

repeated a minimum of three times. The calibration provides a linear rela-208

tionship between the FBG wavelength shift (∆λB) and the applied load. At209

a given depth (S1, for example; see Figure 3), the average reading from the210

two opposing FBG sensors (B1 and B4 for location S1) were used to calculate211

the axial force of the pile at that location.212
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For model protective walls, FBG sensors were installed within channels213

machined into opposing sides of the wall at the middle and quarter width of214

the wall (in the out-of-plane direction, i.e., along the tunnel length). Brass215

U-channels were installed to protect the FBG sensors from soil pressures216

during centrifuge tests, which could affect FBG readings (additional sensor217

installation details are provided in Song et al. (2021)). To reduce the interface218

friction between the protective wall ends and the strongbox’s front/back walls219

in the centrifuge tests, Polytetrafluoroethylene (PTFE) stripes were placed220

on the front and back faces of the protective walls. Similar to the axial force221

calibration for the piles, the bending moment of the model protective wall222

at a particular FBG sensor location (P1-P5, see Figure 3 for numbering)223

was directly correlated with an FBG wavelength shift (∆λB). A three-point224

bending moment test arrangement was used to conduct the calibration tests225

within a temperature-controlled room.226

A linear relationship between the change in wavelength (i.e., the differ-227

ences of changes in wavelength from FBG sensors on opposing sides of the228

tube at a given location) and the applied bending moment was obtained.229

Temperature correction is not needed for the wall because bending moments230

are calculated as the differences in FBG wavelength shift on both sides of231

the wall, and the temperature effects will be identical for these two FBG232

sensors; hence the temperature effect is self-compensated. Further details233

of the bending moment calibration procedures and results are described in234

Song et al. (2021).235
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2.4. Soil and model preparation236

A fine-grained silica sand known as Leighton Buzzard Fraction E sand237

was used for the tests. The sand has a typical average diameter D50 =238

0.14 mm and maximum (emax) and minimum (emin) void ratios of 1.01 and239

0.61, respectively. In addition, the sand has a specific gravity Gs = 2.64 and240

a coefficient of uniformity Cu = 1.58.241

To prepare the model, the strongbox was placed with its back wall facing242

downwards and the model tunnel secured within the back wall, thus allowing243

the sand to be poured in the direction of the tunnel longitudinal axis, consis-244

tent with the work of earlier researchers (Vorster, 2006; Marshall, 2009; Zhou,245

2015; Franza, 2016; Farrell, 2010). Prior to sand pouring, for tests TWPSI246

1 and 2, the protective model wall was placed in the designated position,247

then two temporary supports were secured inside the strongbox at locations248

corresponding to the intended soil surface. For tests GF and TPSI, a single249

temporary support was used. The sand was then prepared according to a250

methodology calibrated to achieve a relative density of Id ≈ 90%. After sand251

pouring, the front acrylic window was bolted to the strongbox, the box was252

rotated to its upright position, and the temporary supports were removed.253

For tests TWSI and TWPSI 1 and 2, to replicate non-displacement piles,254

the model piles were pushed into the sand at 1 g, starting with pile 1, closest255

to the tunnel, and moving outwards to pile 4. Given the low-stress conditions256

within the soil during this process, the disturbance of the soil during pile257

installation is considered to be minimal. Additionally, since the method is258

consistent between tests, results can be readily compared. A support frame259

was used to ensure the piles were pushed vertically, which was temporarily260
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connected to the strongbox and removed after pile installation. The pile261

loading system was then fixed to the top of the strongbox, and the model262

piles were connected to the linear actuators. Finally, the tunnel volume loss263

control system was installed, consisting of a gearbox, stepper motor, and264

LVDT (the detailed assembly is described in Song and Marshall (2020a)).265

2.5. Testing procedure266

For test GF, the centrifuge package was spun to 80 g in stages of 10 g,267

including three stabilisation cycles (going from 80 g to 10 g and then back to268

80 g) which are conducted with the aim of achieving a consistent ground stress269

condition and improve the repeatability of results between tests. After the270

stabilisation cycles, the tunnel volume loss process was started, and images271

were taken at each interval of tunnel volume loss (0.18% Vl,t).272

For tests TPSI and TWPSI 1 and 2, a 5 N vertical load was maintained273

at the pile head during centrifuge spin-up. This was done with the aim of274

achieving minimal relative displacement between the piles and the soil during275

centrifuge spin-up. The piles were then loaded to their designated working276

loads in 50 N stages, starting from pile 1 closest to the tunnel and moving277

sequentially outwards to pile 4. As previously mentioned, the outer piles 1278

and 4 were loaded to 255 N and inner piles 2 and 3 were loaded to 370 N (see279

Figure 1 for pile numbering). The CCNM program communication protocols280

(Idinyang et al., 2018) were then activated, enabling the sharing of pile load281

and settlement data between the physical/geotechnical domain in the cen-282

trifuge and the virtual/structural domain in ABAQUAS, and giving control283

of the pile loading in the centrifuge to the outputs of the simulated struc-284

tural system. An increment of tunnel volume loss causes ground movements,285
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which are translated into pile settlements (which vary from pile to pile). The286

pile settlement data are communicated with the structural numerical model287

(ABAQUS) and the modified pile head loads are calculated based on the288

load redistribution within the simulated structure. These modified pile head289

loads are then fed back into the centrifuge model and the pile head loads290

are adjusted via the linear actuators (load controlled). These processes con-291

tinue to cycle until a steady-state is reached. To ensure a minimal cycling292

time, a small increment of tunnel volume loss is used. Once a steady-state is293

reached, another increment of tunnel volume loss is initiated, and the process294

continues. Images were taken after every tunnel volume loss increment (after295

reaching a steady-state condition).296

3. Results297

3.1. The effect of protective walls on tunnelling-induced ground movements298

Figure 4 shows the vertical and horizontal soil displacement contours for299

all tests (GF, TPSI, TWPSI 1 and 2) at a tunnel volume loss of Vl,t = 2%.300

Note that, except for the greenfield GF test, the soil displacement data do301

not relate to a plane strain condition because the piles were located in the302

middle of the strongbox (75mm away from the acrylic window), and the303

displacement data were obtained from the soil at the acrylic window. The304

vertical and horizontal displacements in test TPSI (not plane-strain) are305

similar in shape and magnitude to test GF (plane-strain), which suggests306

that the displacements at the acrylic window in test TPSI were not affected307

by the piles. Considering this, and assuming that the piles have minimal308

effect on the response of the protective walls (there was also good agreement309
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between bending moment data at the quarter and half width locations of the310

wall, indicating that the deformed shape of the wall was consistent across311

its width, which supports this assumption), the soil displacements in test312

TWPSI 1 and 2 can be compared directly with those of test GF.313

For tests GF and TPSI, a concentrated vertical displacement zone above314

the tunnel crown is observed, along with zones of major horizontal displace-315

ments near the tunnel springline, which propagate toward the soil surface316

at an inclined angle. Similar observations of greenfield ground movements317

due to tunnelling were provided by Franza and Marshall (2019); Marshall318

(2012) using a water-filled, flexible lining (pressure-controlled) model tun-319

nel; an assessment of the different ground movements obtained with pressure320

and displacement control model tunnels was provided in Song and Marshall321

(2020a)322

For the ‘shallow’ wall test TWPSI 1, soil settlements ‘behind’ the wall323

(i.e., to the right; x/Dt > 0.7) are only slightly reduced compared to tests324

GF and TPSI, whereas for the ‘deep’ wall test TWPSI 2, soil settlements in325

this region are significantly less.326

These observations can be directly related to the depth of the toe of327

the protective wall. The toe of the ‘shallow’ wall is located at the tunnel328

springline, where horizontal displacement in tests GF and TPSI are shown329

to be significant; hence the wall (at its toe) has little capacity to resist the330

ground movements initiated by tunnel ground loss and instead acts to average331

greenfield settlements that occur along with the depth of the wall (as noted332

by Franza and Marshall (2018b) for piles) and imposes a complicated pattern333

of horizontal displacements due to wall rotation, with little mobilisation of334
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the wall’s bending resistance. For the ‘deep’ wall in test TWPSI 2, the toe335

of the wall is located below the tunnel invert where greenfield displacements336

are very small (Zhou, 2015), hence the toe of the wall is relatively fixed,337

and the wall is able to resist soil displacements above the tunnel springline338

by mobilising its resistance to bending. Figure 4 shows a localised zone339

of horizontal displacements on the retained side of the wall at a depth of340

z/zt = 0.4−1.2, indicating the bending of the wall near the tunnel springline,341

where greenfield horizontal displacements are greatest. Wall deformations342

and associated bending moments will be discussed in the next subsection.343

In both tests TWPSI 1 and 2, the soil located ’in front’ of the wall (i.e., to344

the left; x/Dt < 0.7) shows a ‘tilted’ chimney-like soil settlement mechanism,345

initiating from the wall-side of the tunnel crown and propagating towards the346

surface at the tunnel centreline. The magnitude of soil settlements above the347

tunnel is similar all tests, however the ‘tilt’ of the chimney-like settlement348

profile is somewhat more pronounced in test TWPSI 2. The wall also didn’t349

have a significant impact on the magnitude of horizontal displacements above350

the tunnel, but did affect their distribution, with the ‘zero’ line propagating351

up from the tunnel crown in the direction of the shallow protective wall,352

whereas for the deep wall, the ‘zero’ line is shifted more uniformly towards353

the wall.354

3.2. Protective wall response to tunnelling355

The horizontal displacements (Sh) and bending moments of the walls356

(measured from the FBG sensors located along the middle width of the walls,357

corresponding to the location of the row of piles) with tunnel volume loss358

are shown in Figure 5. The FBG sensor data at the quarter with of the359
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Figure 4: Contours of vertical and horizontal displacement (mm) at Vl,t = 2% (positive

values are downwards and to the right)
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wall showed very similar results to the data at the middle width of the wall360

(hence only the middle data is presented), which indicates good consistency361

of the bending response along the width of the wall. Therefore, the horizontal362

displacements Sh measured at the acrylic wall of the model box, presented in363

Figure 5, were taken as representative of the deformed wall shape along its364

entire width. In both tests TWPSI 1 and 2, some sand particles intruded into365

the gap between the toe of the model wall and the acrylic strongbox wall,366

rendering the obtained displacement data unreliable. As a result, based on367

the measured bending moments, the displacement data close to the toe of368

the walls were estimated (adapting the estimated displacement data to fit369

the measured bending moments).370

For the ‘shallow’ wall (test TWPSI 1) where the toe of the wall was371

located at the tunnel springline (z/zt = 1), with tunnel volume loss, the372

toe moved towards the tunnel, with horizontal wall displacements reducing373

towards the surface. The bending moment data indicates that the maximum374

bending moment is located at a depth of between z/zt = 0.6 (at Vl,t = 1%)375

and 0.8 (at Vl,t = 3%; i.e. the depth of the maximum bending moment376

increases with tunnel volume loss).377

For the ‘deep’ wall (test TWPSI 2) where the toe was located below the378

tunnel invert (z/zt = 1.43) where tunnelling induced ground movements are379

negligible, with tunnel volume loss, the middle portion of the wall (z/zt =380

0.8 − 1.0) showed the greatest horizontal displacement towards the tunnel,381

whereas the upper portion of the wall moved away from the tunnel due to the382

bending action of the wall. The bending moment profile indicates that the383

moments in the upper portion of the wall are very small (z/zt = 0−0.4), with384
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Figure 5: (a) Horizontal displacements and (b) bending moments along the wall with

tunnel volume loss
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the maximum positive bending moment located in the middle portion of the385

wall (z/zt = 0.8 − 1.0). As discussed previously, the flexural rigidity of the386

model wall in prototype scale is greater than that of a 0.8 m thick unreinforced387

concrete wall; hence these results under-predict the deformations of a 0.8 m388

thick concrete wall.389

To summarise, the deformed shape of the protective wall highly depends390

on the length of the wall with respect to the depth of the tunnel. For test391

TWPSI 1 (‘shallow’ wall), the tunnelling induced ground movements that392

caused the toe of the wall to move towards the tunnel, with little horizontal393

displacement occurring near the ground surface. For test TWPSI 2 (‘deep’394

wall), the toe of the wall experienced limited displacement, and soil move-395

ment towards the tunnel occurred at a depth of z/zt = 0.8− 1.0, resulting in396

the wall bending towards the tunnel at this depth and away from the tunnel397

near the surface.398

3.3. The effect of protective walls on pile settlement399

Figure 6 shows the normalised pile head settlement (Sp/dp) with tunnel400

volume loss for tests TPSI and TWPSI 1 and 2; note that the scale of the401

settlement for each pile is different, with the magnitude of settlements reduc-402

ing with the distance from the tunnel (from pile 1 to 4). For test TWPSI 2403

(‘deep’ wall), because the wall effectively reduced the soil movements behind404

the wall (see Figure 4), the settlement of the piles closes to the tunnel (piles405

1 and 2) was significantly reduced when compared with the other two tests406

(TPSI and TWPSI 1). Test TPSI, with no protective wall, generally shows407

the greatest pile displacements (except for pile 4 where pile settlements in408

all three tests were similar). The ‘shallow’ wall in test TWPSI 1 is shown409

24



to have only a marginal reducing effect on pile settlements compared to test410

TPSI.411

Figure 6: Pile head settlement with tunnel volume loss

The efficiency of the protective walls to reduce pile settlement at a given412

tunnel volume loss can be quantified using413

ηpw =
Ss − Spw

Ss

× 100 % (1)

where S is pile settlement, the superscripts pw stand for the use of the414

protective wall, and s refer to cases with the structure only (without the415

protective wall). An efficiency ηpw = 0 indicates that the protective wall416

had no effect on pile settlement (i.e., pile settlements match those from test417

TPSI).418

Figure 7 presents the efficiency parameter ηpw of the piles with tunnel419

volume loss for tests TWPSI 1 and 2. For test TWPSI 1 (‘shallow’ wall), at420

lower values of tunnel volume loss (vl,t = 0.5−1.5%), the efficiency parameter421

for all four piles decreased as tunnel volume loss increased, indicating the422
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effectiveness of the wall reduced. With further increase in tunnel volume loss423

(Vl,t > 1.5%), the efficiency parameter increased slightly. Piles 1, 2 and 3424

show similar values of efficiency (on average ≈ 10%), whereas pile 4 shows425

smaller values. Note, however, that the settlements of pile 4 are very small,426

which explains the obtained negative values of efficiency (the negative values427

for pile 4 were assumed as 0; see the grey line in Figure 7).428

For test TWPSI 2 (‘deep’ wall), the magnitude of all four piles’ efficiency429

parameter is considerably larger than test TWPSI 1, especially those piles430

located closer to the tunnel/protective wall. Pile 1 shows a steady increase431

in the efficiency parameter with tunnel volume loss. In contrast, for piles 2,432

3 and 4, the trend is similar to that from test TWPSI 1, where the efficiency433

decreases from about Vl,t = 0.5 − 1.5% then increases or stays steady for434

higher volume losses (Vl,t > 1.5%).435

In general, the variation of the efficiency parameter is not very sensitive to436

tunnel volume loss. The length of the protective wall, as well as the distance437

between the pile and tunnel (x/Dt), have the dominant role. As a result, the438

average efficiency parameter ηpw (based on Vl,t = 0.5− ≈ 2.8%) for all four439

piles is plotted against the relative tunnel-pile position (x/Dt) in Figure 8440

(a).For both tests, the average pile efficiency decreases with x/Dt.441

Figure 8 (b) shows the normalised pile head settlement at a tunnel vol-442

ume loss of Vl,t = 2.8%, demonstrating the significant benefit of the ‘deep’443

protective wall to reduce pile head settlement and, importantly from the444

perspective of structural distortion, the relative settlements between piles,445

compared to tests TWPSI 1 (‘shallow’ wall) and TPSI.446
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Figure 7: Efficiency parameter ηpw with tunnel volume loss
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Figure 8: (a) average efficiency parameter ηpw and (b) normalised pile head settlement

with respect to pile location

3.4. The effect of protective walls on building deformation and damage447

Maximum tensile strain (εmax) is commonly used to correlate with struc-448

ture damage categories. Table 2 summarises the critical tensile strain and449

the categories of damage developed by Boscardin and Cording (1989).450

The work done by Boone (1996); Elkayam and Klar (2019) distinguished

the assessment of building deformation between bay and panel. To assess the

maximum tensile strain (εmax) within a structure (panel), Xu et al. (2020)

suggested that the angular distortion parameter β [developed by Son and

Cording (2005)] can be used, where εmax ≈ β/2 when the horizontal elements

within a building have a relatively high axial stiffness. The angular distortion

parameter was initially used to calculate deformations within a building bay,

however Xu et al. (2020) adopted the method to calculate β for individual

panels based on the displacements at the top and bottom corners of each
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Table 2: Critical tensile strain and categories of damage after Boscardin and Cording

(1989)

Category

of damage

Level of damage Limiting tensile strain

(%)

0 Negligible 0-0.05

1 Very slight 0.05-0.075

1-2 Slight 0.075-0.15

3-4 Moderate to severe 0.15-0.3

4-5 Severe to very severe >0.3

panel (points A, B, C and D in Figure 9).

Angular distortion (β) = Slope (S) − Tilt (θ)

Slope (S) =
Sv,A − Sv,B

Bbay

Tilt (θ) =
(Sh,A − Sh,D) + (Sh,B − Sh,C)

2Hstorey

(2)

where Bbay is the length of a bay, Hstorey is the height the storey, Sv and Sh are451

the vertical and horizontal displacements of a structural joint, respectively452

(at points A, B, C, and D in Figure 9).453

Figure 10 shows, for tests TPSI and TWPSI 1 and 2, the angular distor-454

tion β of the panels in each bay at a tunnel volume loss of Vl,t = 2.8%. For455

panels in bay 1 (closest to the tunnel), tests TPSI and TWPSI 1 show posi-456

tive values of β, deforming as illustrated in Figure 9, with β being greater for457

test TPSI than TWPSI 1. Moving upwards through the building stories, the458
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Figure 9: Illustration of the structural layout and calculation of angular distortion after

Son and Cording (2005)

values of β are shown to decrease somewhat. For test TWPSI 2, the panels in459

bay 1 experienced limited distortion and β does not vary with storey. Note460

that a negative value of β indicates that the distortion acts to reduce the461

slope S of the panel that is rotated by θ anti-clockwise (i.e. slope S would462

be less than rotation θ). For panels in bays 2 and 3, β in tests TPSI and463

TWPSI 1 are negative, whereas β values are all positive for test TWPSI 2,464

indicating a change in the direction of the distortion compared to the panels465

in bay 1. For tests TPSI and TWPSI 1, panels in bays 2 and 3 experience466

less distortion than in bay 1, with a marginal decrease in absolute values of467

β with storey number, similar to the panels in bay 1. It is interesting that468

the ‘deep’ protective wall in test TWPSI 2 not only significantly reduced469

building distortions compared to the ‘short’ and no-wall tests, but that it470

also ‘flipped’ the trend in direction of distortion β within the bays of the471
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building.472

Figure 10: Angular distortion of building panels at a tunnel volume loss of Vl,t = 2.8%

The above data indicate that the most significant angular distortions473

occurred in the lower-most storey 1. To discuss the effect of tunnel volume474

loss on angular distortion, Figure 11 shows the development of β with tunnel475

volume loss for panels within storey 1. All three tests show a near-linear476

increase in the absolute value of angular distortion with tunnel volume loss.477

Test TPSI shows the greatest rate of increase in β with tunnelling, followed by478

tests TWPSI 1 and 2. For tests TPSI and TWPSI 1, at a given tunnel volume479

loss, panels in bay 1 underwent the greatest value of angular distortion,480

followed by bay 3 and bay 2.481

To further demonstrate the effect of protective walls on structural dam-482

age, Figure 12 shows the structure deformed shape at a tunnel volume loss483

of Vl,t = 2.8% for all three tests. Markers are used within panels to indicate484

the category of damage based on Table 2, along with a number indicated the485

value of β. At Vl,t = 2.8%, for tests TPSI and TWPSI 1, the highest category486

of damage is 2 (slight damage) for all stories in the exterior bays (and 1 in487
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Figure 11: Angular distortion of building panels in storey 1 with tunnelling

the interior bay), whereas for test TWPSI 2, the category of damage for the488

entire building is 0 (negligible).489

Figure 12: Structure deformed shape and level of damage at Vl,t = 2.8%

A relatively high value of tunnel volume loss (Vl,t = 2.8%) was adopted490

for illustrative purposes in Figure 12 to demonstrate the beneficial effect of491

the ‘deep’ protective wall based on category of damage. In practice, a design492

value of tunnel volume loss is more typically about Vl,t = 1%; at this tunnel493

volume loss, for the scenarios considered here, a category of the building494

damage of 0 (negligible) was obtained in all three tests.495
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3.5. The effect of protective walls on pile head load transfer496

Prior to tunnel volume loss, piles were loaded to the designated load497

(255 N for outer piles 1 and 4; 370 N for inner piles 2 and 3; refer to pile498

numbering in Figure 1). With tunnel volume loss, the axial force along the499

pile is affected by two dominant mechanisms (Song and Marshall, 2020b): (1)500

the effect of tunnelling induced ground movements and stress relief (referred501

to as Mechanism T for tunnelling), and (2) change in pile head load due to502

the stiffness effect of the connected structure (referred to as Mechanism S for503

structure; achieved in these tests using the CCNM application). Note that504

pile-pile interaction is not considered in this study.505

Figure 13 shows pile head load versus tunnel volume loss for tests TPSI506

and TWPSI 1 and 2. For test TPSI, pile 1 experienced the most significant507

decrease in pile head load with tunnel volume loss. The reduced pile 1 head508

load was transferred, through the connected structure (Mechanism S), to the509

adjacent piles 2 and 3, whereas pile 4, due to a global building rotation,510

shows a decrease in head load. For test TWPSI 1 (‘shallow’ wall), the pile511

load transfer mechanism is similar to test TPSI. For test TWPSI 2 (‘deep’512

wall), the magnitude of load transfer among piles is minimal due to the small513

levels of pile and structure displacements, illustrated previously. In addition,514

the load transfer direction is opposite to tests TPSI and TWPSI 1 (i.e. pile515

1 head load increased in TWPSI 2, but decreased in test TPSI and TWPSI516

1). This is because the building distortion (β) direction in test TWPSI 2 was517

opposite to the other two tests. The load transfer, predominately in tests518

TPSI and TWPSI 1, causes changes in pile shaft resistance, discussed in the519

next subsection.520
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Figure 13: Pile head load with tunnelling

3.6. The effect of protective walls on pile axial force and shaft resistance521

Figure 14 presents the axial force along the piles with tunnel volume loss522

for tests TPSI and TWPSI 1 and 2. Note that the axial pile load at the523

soil surface is greater than the pile head load (measured with the load cell)524

due to the effect of the self-weight of the pile, a connector and the LVDT525

armature plate located below the load cell; the weights of these components,526

along with the g-level at their locations (≈ 73 g), were used to obtain the pile527

axial load at the ground surface. After pile loading (Vl,t = 0%), axial forces528

in the upper portion of some piles are slightly higher than the pile head load.529

This is because, during centrifuge spin-up, the soil settlements around the530

upper and middle portions of some piles were greater than pile settlements,531

acting to pull the piles downwards. During pile loading to the designated532

working load, the pile settlement in the upper portion was insufficient to533

cause a reversal of shear stress direction (refer to Song and Marshall (2020b)534

for a more in-depth discussion).535

The response of pile 1 in tests TPSI (no protective wall) and TWPSI 1536

(‘shallow’ wall) was similar, with a decrease in the load at the pile head (due537
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Figure 14: Axial force along piles with tunnel volume loss
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to Mechanism S) and a reduction in the load at the pile toe with tunnel538

volume loss (due to Mechanism T). In contrast, the pile head load of pile 1539

in test TWPSI 2 (‘deep’ wall) increased by a small amount, whereas the pile540

end bearing load decreased with tunnelling, indicating an increase in shaft541

resistance. It is interesting that, though the ‘deep’ protective wall was able542

to effectively reduce the settlements of pile 1, the end-bearing load was still543

significantly affected. This can be related to the deformed shape and bending544

profile of the ‘deep’ wall (Figure 5), where the pile tip (at z/zt = 0.68) is545

within the zone where the wall bends towards the tunnel.546

For pile 2 in test TPSI, the pile head load increased with tunnelling (Mech-547

anism S), as well as the axial force along the pile and at its toe, indicating548

that the end bearing force mainly took the increased pile head load. For pile549

2 in test TWPSI 1 (‘shallow’ wall), the pile head load also increased with550

tunnelling, but unlike pile 2 in test TPSI, the loads along the pile increased551

slightly and, at its toe, show little change. These results indicate that the552

shaft resistance mainly took the increased pile head load in test TWPSI 1.553

For pile 2 in test TWPSI 2 (‘deep’ wall), the loads at the pile head and toe554

experienced minimal change with tunnel volume loss. The axial force in the555

middle and upper portions of the pile reduced, indicating some degree of556

load transfer along the pile; this will be discussed in more detail later in this557

subsection.558

The change in axial force along pile 3 in all tests was minimal. For pile559

4 in tests TPSI and TWPSI 1, pile head load decreased with tunnelling; the560

structure stiffness (Mechanism S) enabled a global anti-clockwise rotation of561

the building (see Figure 12). Consequently, the axial force along the pile was562
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reduced. For pile 4 in test TWPSI 2, the pile head load remained relatively563

constant with tunnelling, with axial forces along the pile reducing by a small564

amount.565

In a general case of pile loading (no tunnelling), an increase in pile head566

load will increase the shaft resistance along the pile shaft and base (the pro-567

portion of shaft/base load increase depending on the pile and soil types);568

Figure 15 illustrates an idealised situation of change in pile shaft/base resis-569

tance as well as the relative displacement between the soil (Sv) and pile (Sp)570

during pile loading. With the increase in pile head load, the pile settles more571

than the soil, mobilising upwards (positive) shaft resistance as well as base572

resistance. The idealised scenario in Figure 15 does not consider tunnelling573

induced ground movements or the more complex pre-loaded condition of the574

piles in the centrifuge tests; it will be used as a reference for discussion and575

understanding of results obtained from the centrifuge tests.576

Figure 15: Illustration of shaft resistance development with the increase in pile head load

under an idealised case

Figure 16 shows the shaft resistance along the piles at four stages of tunnel577
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volume loss for all tests. As noted previously, prior to tunnel volume loss,578

but after the piles were loaded to the designated working loads (Vl,t = 0%),579

negative shaft resistance developed in some piles due to the centrifuge spin-580

up process (the soil tends to pull the piles downwards near the surface during581

centrifuge spin-up).582

To help understand the data of shaft resistance along the piles with tun-583

nelling from Figure 16, Figure 17 plots, at a tunnel volume loss of Vl,t = 2.8%,584

relative soil-pile settlements. The soil settlements were obtained from image585

analysis of the soil at the acrylic wall at locations (x/Dt) corresponding to586

the piles. As discussed in Section 3.1, the soil movements at the acrylic wall587

were not significantly affected by the piles’ existence (the greenfield GF test588

displacements matched well to those from test TPSI). The relative soil-pile589

settlements in Figure 16 therefore relate to the approximated difference be-590

tween pile settlements and the soil settlement that would otherwise occur in591

the absence of the piles (but accounting for the effect of both the tunnel and592

the protective wall, which are continuous across the width of the centrifuge593

model). The relative settlement is defined as Sv − Sp, where Sv is soil set-594

tlement along the length of the pile and Sp is the pile settlement (assumed595

constant). Due to the camera field of view, only Sv of piles 1, 2, and 3 could596

be measured.597

For pile 1 in test TPSI, Figure 17 shows negative relative settlement along598

the depth of the pile, indicating that the pile settled more than the soil.599

Therefore, the shaft resistance in the middle and lower portions of the pile600

is expected to increase with tunnel volume loss (similar to the shear mech-601

anism described in the idealised case in Figure 15). Referring to Figure 16602
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Figure 16: Shaft resistance along piles with tunnel volume loss
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Figure 17: Relative pile-soil settlements at a tunnel volume loss of Vl,t = 2.8%

at a tunnel volume loss of Vl,t = 2.8%, the shaft resistance only increased in603

the upper portion of the pile; it decreased in the middle and lower portions604

of pile 1 (contradicting the idealised case). This can be explained by the re-605

duction in radial stress around pile 1 that occurs as a result of tunnel volume606

loss (Mechanism T), which primarily affects the lower and middle portions607

of pile 1 (as demonstrated in Song and Marshall (2020a) for the greenfield608

condition using finite element analyses). Although the lower portion of pile 1609

experienced greater relative soil pile displacement, the mobilised shaft resis-610

tance at the lower portion of the pile decreased due to reduced radial stress611

around the lower portion of the pile.612

For pile 1 in test TWPSI 1 (‘shallow’ wall), similar to the pile in test TPSI,613

the pile’s relative settlement in Figure 17 is greater than the surrounding soil.614

Therefore, the shaft resistance (Figure 16) in the upper portion of the pile615

increased (similar to pile 1 in test TPSI). Unlike pile 1 in test TPSI, a small616

increase in shaft resistance in the lower portion of the pile is observed, pre-617
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sumably because the ‘shallow’ wall provided some level of protection against618

the effect of the tunnel in reducing ground stresses around the pile.619

Referring to Figure 17, pile 1 in test TWPSI 2 settled more than the620

surrounding soil, but the magnitude is less than pile 1 in tests TPSI and621

TWPSI 1, especially near the pile toe. Despite the small relative pile-soil622

displacement for pile 1 in test TWPSI 2, the shaft resistance in the lower623

portion of the pile (Figure 16) shows a greater increase than for pile 1 in test624

TWPSI 1. Therefore, it can be surmised that the ‘deep’ protective wall was625

more effective at preventing the ground stress relief (Mechanism T) in the626

lower portion of pile 1 than the ‘shallow’ protective wall.627

For pile 2 in test TPSI, the pile head load (see Figure 13) and the pile end628

bearing load (see Figure 14) increased with tunnel volume loss. Pile 2 in test629

TWPSI 1 responded similarly, except that the increase in pile end bearing630

load is minimal with tunnel volume loss, indicating that the increased pile631

head load was mainly taken by the shaft resistance. Figure 16 indicates that632

the shaft resistance in the upper and lower portions of pile 2 increased with633

tunnelling for tests TPSI and TWPSI 1 (similar to the idealised pile load case634

presented in Figure 15), whereas the shaft resistance in the middle portion635

decreased (contradicting the idealised case). Referring to Figure 17, pile 2 in636

tests TPSI and TWPSI 1 settled more in the middle and lower portions of637

the pile than the soil. Therefore, under a given radial stress level (idealised638

case), the shaft resistance in the middle and lower portions of pile 2 in these639

tests is expected to increase. The decrease in shaft resistance in the middle640

portion of pile 2 in tests TPSI and TWPSI 1 therefore suggests that the641

radial stress in the middle portion of pile 2 was affected by the tunnelling642
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induced ground movement (decrease in radial stress; Mechanism T), whereas643

the lower portion was not affected.644

In test TWPSI 2, the pile 2 head load (Figure 13) and the pile end bear-645

ing load (Figure 14) showed little change, yet there was a decrease in shaft646

resistance in the lower portion of the pile, which was taken by an increase in647

shaft resistance in the upper region (Figure 16). Figure 17 shows that pile648

2 settled more in the lower portion of the pile than the soil in test TWPSI649

2, hence the shaft resistance is expected to increase, with the observed re-650

duction explained by a reduction of radial stress caused by tunnelling. The651

horizontal displacements in Figure 4 may help to explain this response, where652

a concentrated zone of horizontal displacement (directed towards the tunnel)653

is located in the lower region of piles 1 and 2 (caused by the bending of the654

‘deep’ protective wall).655

For pile 3 in all tests, the changes in pile head load are relatively small656

(Figure 13). However, there is some degree of load transfer along the length657

of the pile. For example, all three tests indicate an increase in shaft resis-658

tance in the upper portion of pile 3. This response may be related to some659

pile-pile interactions that occurred during the tests, which are more difficult660

to distinguish. An increase in shaft resistance in the upper portion of pile661

4 is also observed from Figure 16, which goes against expectations since the662

pile was unloaded during tunnel volume loss in tests TPSI and TWPSI 1663

(due to Mechanism S). Given the separation between pile 4 and the tunnel,664

this response can not be reasonably explained by any direct tunnel-pile in-665

teraction (i.e. Mechanism T); it is likely a result of pile-pile or wall-pile-pile666

interactions, or perhaps for pile 4 some influence of the centrifuge model667
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boundary. A more detailed understanding of the pile-pile and wall-pile-pile668

interactions may be obtained through numerical modeling of the problem,669

which the authors aim to undertake in the future.670

4. Summary and Conclusions671

In this paper, results from four geotechnical centrifuge tests were pre-672

sented to investigate the effect that protective walls have on reducing the673

impact of tunnelling on piled structures. Two protective walls with different674

embedded depths were used; a ‘shallow’ wall where the toe of the wall was675

located at the tunnel springline, and a ‘deep’ wall where the toe was located676

below the tunnel invert. An advanced hybrid testing technique, known as677

Coupled Centrifuge-Numerical Modeling (CCNM), was used to obtain an ac-678

curate replication of the tunnel-building interaction scenario, including fiber679

Bragg grating (FBG) strain sensors on the model walls and piles. The ef-680

fect of the protective walls on soil displacements, pile settlements, structure681

deformations, pile head load transfer, and pile shaft resistance was discussed.682

Soil displacement data indicated that ‘deep’ protective walls can signifi-683

cantly reduce the tunnelling induced ground movements on the retained side684

compared with the greenfield tunnelling case, whereas the effectiveness of the685

‘shallow’ was minimal. The deformed shape of the protective wall depends on686

the length of the wall with respect to the depth of the tunnel; the ‘shallow’687

wall predominately displayed rigid body rotation, whereas the ‘deep’ wall688

experienced bending within the middle portion of the wall.689

It was shown that the ‘deep’ protective wall could significantly reduce pile690

settlement and structural distortions, even at relatively high tunnel volume691
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losses approaching Vl,t = 3%, whereas results from the ‘shallow’ wall were692

similar to those with no protective wall. Results from the numerical model693

run within the CCNM centrifuge tests demonstrated that the degree of panel694

distortion decreased with the increase in structure storey, with the building695

bay nearest the tunnel experiencing the greatest distortions, followed by the696

bay furthest from the tunnel.697

The load transfer mechanisms among the piles, revealed using the FBG698

strain sensor data, showed that pile loading response could, in the main, be699

explained by mechanisms related to two mechanisms: Mechanism T related700

to tunnelling, and Mechanism S related to load redistribution within the701

building (a consequence of modeling building stiffness within the CCNM702

application). The pile nearest the tunnel experienced unloading at the pile703

tip as a result of ground stress relaxation related to tunnelling (even for the704

‘deep’ protective wall, due to the bending action of the wall); the loss of load705

carrying capacity resulted in settlements for the ‘shallow’ and no-wall tests,706

with load being redistributed through the building to adjacent piles, whereas707

for the ‘deep’ wall, the pile was able to redistribute the lost load carrying708

capacity at its tip to the pile shaft, resulting in minimal pile settlement and709

negligible load redistribution within the building. In the ‘shallow’ and no-710

wall cases, load was mainly redistributed to the next pile along from the711

tunnel, which saw an increase in pile head load of about 11%.712
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5. NOTATION713

Bbay The spacing of bay

C Depth of cover above the tunnel

Cu Coefficient of uniformity

de Distance between the pile and tunnel (Pile 1)

dp Diameter of the pile

dw Distance between the wall and tunnel

Dt Diameter of the tunnel (dt)

D50 Average size of the soil particle

emax Maximum void ratio

emin Minimum void ratio

E Young’s modulus

EA Axial stiffness

EI Flexural rigidity

Gs Specific gravity

Hstorey Height of the building storey in prototype scale

Id Relative density

Lp Pile length, measured from ground surface to pile tip

Lw Length of the protective wall

Sh Horizontal displacement

Sp Pile settlement

714
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Spw Pile settlement with the use of protective wall

Ss Pile settlement with structure only

St Spacing between piles

Sv Soil settlement; vertical displacement

tw Thickness of the protective wall

Vl,t Tunnel volume loss, in %

Vl,tf Final tunnel volume loss, in %

zt Depth of the tunnel

β Angular distortion parameter

∆λB FBG wavelength shift

εmax Maximum tensile strain

ηpw Efficiency parameter

ηpw Average efficiency parameter

θ Tile of the panel

ν Poisson’s ratio
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