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ABSTRACT12

This paper investigates the deformation of buildings due to tunnelling-induced soil displace-13

ments. Centrifuge model tests of three-dimensionally (3D) printed building models subject to a14

plane-strain tunnel excavation in dense, dry sand are discussed. The small-scale structures replicate15

important building characteristics including brittle material properties similar to masonry, a real-16

istic building layout, façade openings, strip footings and a rough soil-structure interface. Digital17

images were captured during the experiments, enabling image-based measurements of the building18

response. Results demonstrate the essential role of the building-to-tunnel position and structural19

details (i.e. opening percentage and building length). The onset of building cracking and cracking20

patterns confirms the importance of the building-to-tunnel position and structural details. The tests21

illustrate that an increase in the façade opening area leads to increased shear deformations while22

longer buildings caused an increase in bending deflections. An evaluation of the widely accepted23
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framework of treating a structure separately at either side of the greenfield inflection point shows24

that this procedure can underestimate building damage.25

INTRODUCTION26

Underground construction involves ground movements, which threaten the urban fabric. To27

accurately assess the risk of building damage during tunnelling requires an adequate description28

of the soil–structure interaction. Several procedures (e.g. Potts and Addenbrooke (1997); Franzius29

et al. (2006); Son and Cording (2005); Goh and Mair (2011b); Franza et al. (2017)) have been30

proposed to account for this interaction; however, limitations and inconsistencies about their ac-31

curacy and reliability exist (Giardina et al., 2018; DeJong et al., 2019). Particularly, the effect of32

structural details (e.g. building position, façade openings and building dimensions) on this complex33

interaction problem requires further research.34

While extensive case studies (e.g. Burland et al. (2004); Mair (2013); Standing (2001); Viggiani35

and Standing (2001); Dimmock and Mair (2008); Bilotta et al. (2017)) revealed important trends,36

field data is inherently affected by various assumptions related to the tunnel excavation, the ground37

conditions and the asset. Previous computational (Potts and Addenbrooke, 1997; Franzius et al.,38

2006; Goh and Mair, 2011c) and experimental (Al Heib et al., 2013; Caporaletti et al., 2005; Taylor39

and Grant, 1998; Taylor and Yip, 2001; Farrell, 2010) studies mainly focused on the impact of the40

overall building stiffness and thus replicated buildings as simple plate or beammodels. Specifically,41

existing centrifuge model tests, which accurately replicate the self-weight stress state in both the42

structure and the soil, were limited to simple small-scale building models in the form of rubber,43

aluminium, micro-concrete and masonry plates or beams (Caporaletti et al., 2005; Farrell and44

Mair, 2010; Taylor and Grant, 1998; Taylor and Yip, 2001). However, more recent computational45

modelling research showed the essential role of building features including stress localisation effects46

in the vicinity of wall openings (Burd et al., 2000; Giardina et al., 2013; Son and Cording, 2007;47

Pickhaver et al., 2010; Yiu et al., 2017) and the non-linear behaviour of the building material48

(Amorosi et al., 2014; Giardina et al., 2015; Boonpichetvong and Rots, 2005; Son and Cording,49

2007; Yiu et al., 2017). Consequently, there is a lack of experimental data about the impact of50
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building details on this tunnel–soil–structure interaction system.51

Uncertainty still exists regarding the governing mode of building deformation (i.e. shear (Son52

and Cording, 2005, 2007) or bending (Potts and Addenbrooke, 1997; Franzius et al., 2006; Goh and53

Mair, 2011c)) due to tunnelling. Widely accepted frameworks of estimating potential damage of54

buildings adjacent to tunnel excavation focus only on the assumed critical mode of building defor-55

mation and thus treat the relative importance of shear or bending distortions differently. Assuming56

a governing deformation behaviour results in the specification of different building deformation57

parameters related to bending or shear deformations, which is evident in the formulations of the58

different relative stiffness methods (Son and Cording, 2005; Potts and Addenbrooke, 1997; Franzius59

et al., 2006; Goh and Mair, 2011c). Moreover, there has been little agreement on the ratio of the60

bending to the shear stiffness, E/G, and the aspect ratios, L/H, which determine the predominance61

of bending or shear deformations (Burland and Wroth, 1974; Cook, 1994; Devriendt, 2003; Mair62

et al., 1996; Melis and Rodriguez Ortiz, 2001; Son and Cording, 2007). In particular, experimental63

data on the effect of building features on the critical mode of building distortions is still missing.64

Existing methods to estimate the potential risk of building damage caused by tunnelling often65

partition a building at the greenfield inflection point and separately assess either part (Mair et al.,66

1996; Goh and Mair, 2011a). However, the soil–structure interaction modifies the length of the67

theoretical greenfield displacement modes (i.e. sagging and hogging) as identified by Farrell68

(2010); Frischmann et al. (1994); Lu et al. (2001); Potts and Addenbrooke (1997); Franza et al.69

(2018). This implies that treating a building separately either side of the greenfield inflection point70

might underestimate the degree of structural damage (Netzel, 2009).71

The aim of this paper is to provide experimental data of more realistic buildingmodels subjected72

to tunnelling-induced soil displacements to understand the vital role of building features on the73

building displacements. More specifically, the influence of building details (e.g. building-to-tunnel74

position, façade opening area, length) on building deformations are revealed at global and local75

scale, building cracking damage is discussed, the effect of building features on the predominant76

role of shear or bending distortions is quantified and the widely applied partitioning approach is77
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evaluated.78

CENTRIFUGE MODELLING PROCEDURE79

Fig. 1 introduces the performed centrifuge tests, which were conducted at 75 times the Earth’s80

gravity field. A shallow tunnelling scenario with a cover-to-diameter ratio, C/Dt , of 1.35 was81

modelled and a plane-strain tunnel excavation in dry, dense sand was conceptually replicated by82

reducing the tunnel volume. This technique enabled simulation of various tunnel volume loss83

values, Vl,t , in a single experiment. The ground conditions were kept constant for each test in the84

test series by pouring Leighton Buzzard Fraction E silica sand to a relative soil density, ID, of85

90% (±3%), but different building lengths, different building positions relative to the tunnel and86

different opening areas were studied (Fig. 1 and Table 1).87

Powder-based 3D printing was employed to create representative small-scale structural models88

with building details such as façade openings, strip footings, a rough soil-structure interface and89

intermediate walls at 1/75th of prototype scale. These model buildings were placed on the soil with90

their long direction perpendicular to the tunnel. Fig. 2 shows that the building models consisted91

of front, rear and end walls, which were supported by strip footings, and two or three partitioning92

walls depending on the building length. A constant bearing pressure of 100 kPa beneath the front93

and rear strip footings was replicated by adding dead load bars on the top of the building models.94

For the entire footprint an average bearing pressure of 80 kPa was calculated. An average bearing95

pressure of 80 kPa was calculated through dividing the total building load, including self-weight96

as well as the dead load bars, with the soil-structure contact area. The 3D printed material exhibits97

brittle behaviour similar to masonry and overall axial stiffness, E A, and bending stiffness, EI,98

values in the range of reported field data (Table 1). The E A and EI values of the building models99

were obtained by adopting the frameworks outlined by Pickhaver et al. (2010) and Melis and100

Rodriguez Ortiz (2001), respectively. These approaches account for a stiffness reduction due to101

façade openings, which is often neglected in historical field data (e.g. Mair and Taylor (1997)). In102

addition, a stiffness reduction due to geometrical differences in the direction parallel to the tunnel103

was considered by reducing the stiffness of the façades and foundation to per meter values following104
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Farrell (2010). The second moment of area of a cross-section of the building, I, was estimated with105

respect to an average neutral axis of the cross-section, considering walls, openings and foundations106

(Table 1). To measure building and soil displacements, an image-based measurement technique,107

GeoPIV (White et al., 2003), was adopted. A detailed description of the experimental techniques108

is reported elsewhere (Ritter et al., 2017b; Ritter, 2017; Ritter et al., 2018).109

PROCESSING EXPERIMENTAL DATA110

Son and Cording (2005) subdivided a building adjacent to a deep excavation into building units111

(or bays) based on the location of intermediate walls, building columns, different structural proper-112

ties (e.g. geometry or stiffness) or gradients of ground displacements. Fig. 3 shows such a building113

unit, including the four corner points of the building unit and schematic building deformation.114

Based on horizontal, Sh, and vertical displacements, Sv, of the corner points, the building height,115

H, and the length of the building unit, Lu, the response of the buildings to the tunnelling-induced116

settlements was quantified. Fig. 3 and the following equations define the building deformation117

parameters, originally reported by Son and Cording (2005):118

119

Base horizontal strain:120

εh,base =
Sh,B − Sh,A

Lu
(1)121

Top horizontal strain:122

εh,top =
Sh,C − Sh,D

Lu
(2)123

Slope:124

s =
Sv,A − Sv,B

Lu
(3)125

Tilt (rigid body rotation):126

θ =
(Sh,A − Sh,D) + (Sh,B − Sh,C)

2H
(4)127

Angular distortion:128

β = s − θ = s −
ω1 + ω2

2
(5)129
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The adopted tilt definition (Equation 4), eliminates bending contributions when computing the130

angular distortion (Equation 5). From Equations 4 and 5, it can be followed that ω1 =
Sh,A−Sh,D

H and131

ω2 =
Sh,B−Sh,C

H .132

Fig. 3 shows that the building deformation parameters are a result of the displacements of the133

points A, B, C and D, which can be either the corner points of the entire structure or a certain134

unit of the building. Global behaviour of a building was estimated by using the displacements of135

the corner points of the entire structure, whereas the local behaviour was evaluated by subdividing136

the building into bays or half-bays (i.e. distance between pier centrelines on either side of a single137

window). Fig. 4 depicts the building subdivision into bays for a building configuration with L =138

260 mm, where Lu ≈ L/4, and the notation of corner points. For buildings with L = 200 mm, only139

three building bays with the corner points 1-8 exist.140

To distinguish between bending and shear displacements (and deformations), the framework141

outlined by Cook (1994) was adopted. Fig. 5 defines the sign convention and tilt and bending142

deformations. For each bay or half-bay the following steps were carried out:143

Firstly, the displacement due to tilt was defined as:144

Sv,tilt = ω2Lu . (6)145

where ω2 is in radians. Secondly, the bending displacement was derived as146

Sv,bend = χ
L2

u

2
= ∆ω

Lu

2
(7)147

where χ is the average curvature, ∆ω = ω1 − ω2 and positive values of Sv,bend indicate a hogging148

(i.e. convex) mode of deflection. Thirdly, the total vertical displacement was computed as:149

Sv,tot = Sv,A − Sv,B . (8)150
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Finally, the shear displacement was defined as:151

Sv,shear = Sv,tot − Sv,tilt − Sv,bend (9)152

and the shear strains of a building unit can be directly estimated from Sv,shear :153

γ =
Sv,shear

Lu
= s −

ω1 + ω2
2

. (10)154

Note that γ and β (Equation 5) are equal.155

The above procedure assumes constant curvature over a single building unit when estimating156

bending displacements. Likewise, uniform shear deflection is assumed, and the shear displacements157

are defined as the displacements that are not related to the tilt or bending components (Equation158

9). This framework depends on the used length of the building unit. Reducing the building unit159

length (e.g. from bay to half-bay) reduces the errors due to assumptions of constant bending and160

shear over a single building bay.161

The Cook (1994) method can be used to approximately estimate average bay curvature and162

shear strain from bay corner displacements. Its efficiency was evaluated analytically with respect163

to the displacement data of a simply supported Timoshenko beam subjected to a concentrated164

load. Averaged shear strain and curvature of the bay were in satisfactory agreement with the exact165

solution when partitioning the structures into bays or half-bays.166

RESULTS167

First, the global building response (using the four corner points at the building corners) is168

analysed. Second, the local building response is illustrated by subdividing the buildings into bays169

at the position of the partitioning walls (Fig. 4). Third, a mechanical interpretation using half-bay170

subdivisions is performed, after which building damage is discussed.171
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Global building response172

The global building response is estimated by using the entire extent of the building as building173

unit. Fig. 6 presents the building deformation parameters of the entire test series. As expected,174

compressive or tensile top horizontal strains were measured for a building predominantly placed in175

the greenfield sagging (test A) or hogging region (test B), respectively. Surprisingly, test C, which176

spans the greenfield inflection point, showed substantial top compressive strains; tensile strains177

would be expected if hogging was dominating the response. For test D, tensile top horizontal178

strains were derived, similar to test B. Long structures (tests E and F) placed in the hogging/sagging179

transition region of the respective greenfield settlement profile showed considerable tensile strains180

at the top. The greatest tensile strain was observed for test F which implies that a long structure181

with a significant amount of window openings (i.e. 40%) placed in the greenfield hogging and182

sagging region is likely to be exposed to a significant risk of building damage. The increase in183

εh,top for test F after Vl,t = 2.5% can be related to building damage and global softening (Section 4).184

For all tests, the magnitude of base horizontal strains (Fig. 6b) were significantly lower than185

the top horizontal strains. This is likely to be caused by the rough soil–structure interface; friction186

between the soil and the underside of structure limits the horizontal strains at the base of the187

structure. Similar observations have been made from field data (e.g. Standing (2001); Burland188

et al. (2004)) and physical model test data (Farrell and Mair, 2010). This mechanism likely moves189

the position of zero strain from the neutral axis of the building cross-section (Table 1) to a position190

closer to the foundation level, which explains the increase in top horizontal strains. For the tests191

with buildings located in the hogging zone (tests B and D) tensile base strains were obtained.192

This indicates that the strain induced by horizontal soil displacements dominated over the base193

horizontal strain caused by hogging (bending) deformations. For structures placed in the greenfield194

hogging/sagging transition zone, the window opening percentage caused a considerable difference195

in the response. Buildings with 20% of openings (tests C and E) were in compression at the base196

while the tests D and F were in tension. It is likely that the structures with 20% openings responded197

primarily in bending while the structures with 40% of openings showed mainly shear deformations;198
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this aspect will be further considered in Section 5. Additionally, the increase in opening area caused199

a reduction in the axial building stiffness, EA, which increased the axial flexibility of the structures200

in the tests D and F.201

Fig. 6c indicates that the slope and tilt values are a function of the eccentricity. Notably, the202

buildings with one edge directly above the tunnel (tests C, E, and F) experienced the greatest global203

slope, followed by the buildings in the hogging region (tests B and D), whereas negligible slope204

values were measured for test A as was expected.205

Similar trends are also evident for the tilt (Fig. 6d). In all tests, the global tilt and slope values206

are nearly identical which results in relatively low values for the global angular distortion (Fig. 6).207

This observation is a result of the adopted tilt definition (Equation 4) that averages the tilt measured208

at the left and right building end walls and suggests small structural deformations. The high global209

slope and tilt values observed in tests C, E and F can be related to rigid body rotation and, thus, are210

less important for damage predictions, but can cause serviceability problems.211

Fig. 6e presents the angular distortion against Vl,t . This global angular distortion is indicative212

of the average shearing distortion of the building, assuming that the strain is constant over the entire213

building length. This assumption is a considerable simplification; a detailed evaluation of more214

local deformations follows below. However, the global angular distortion still gives a measure215

of structural deformations and is indicative of potential building damage. The global measure216

of angular distortion indicates a significant potential for cracking of the buildings spanning the217

greenfield inflection point (tests C, E and F), while negligible angular distortion values were218

observed for the tests A, B and D. Particularly when taking the notable tensile strains measured219

at the top of tests E and F into account, the location, increased length and percentage of façade220

openings tend to result in substantial susceptibility to building damage.221

Local building response222

Localisation effects of building damage are discussed next for each bay, by subdividing the223

buildings at their intermediate walls (Fig. 4). For every building bay, the displacements of the224

corner points are estimated, and subsequently the deformation parameters derived. Figs. 7, 8 and225
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9 compare the top horizontal strain, base horizontal strain and the angular distortion, respectively.226

These building deformation parameters, which are related to bending and shear distortions, are227

of key importance when assessing potential building damage. However, again, these parameters228

assume constant deformation over the length of a building bay and thus do not directly quantify229

bending or shear deformations. In addition, parts of the horizontal strain are caused by axial230

deformations, which cannot be decoupled from bending.231

When the structure was placed in the sagging region of the settlement trough (test A), com-232

pressive horizontal strains occurred in all building bays, as is evident from Figs. 7a and 8a. By233

contrast, the angular distortion of Bay 2 remained close to zero, while a similar magnitude of234

angular distortion but with different sign was measured for Bay 1 and 3 (Fig. 9a). These results235

for the angular distortion were to be expected due to the symmetric position of the building model236

in test A, for which the maximum shear would occur at approximately the quarter points in the237

structure (see Section 4).238

Figs. 7b, 8b and 9b summarise the εh,top, εh,base and β values for the different bays of test B. For239

the structure placed in the hogging region, top tensile strains were measured throughout all bays240

(Fig. 7b). The greatest εh,top was measured in Bay 2, and indicates potential tension cracking in this241

region which is in agreement with the observed building damage, as discussed below. Similarly,242

the greatest εh,base was determined in Bay 2 (Fig. 8b), but notably smaller than εh,top. For Bay 1,243

minor compressive εh,base were observed. These measurements indicate that hogging occurred244

across all bays, but was largest in Bay 2, as expected. The angular distortion estimated for Bay 2245

was close to zero while considerable angular distortion values were calculated for the Bays 1 and 3,246

again of opposite orientation as expected (Fig. 9b). The considerable amount of angular distortion247

in Bays 1 and 3 suggests shear deformation, which would again be expected to be maximum at248

approximately the quarter points. This indicates that beam theory approaches may be applicable249

for this building-to-tunnel position.250

The building model of test C experienced substantial compressive strains in Bay 1 (Figs. 7c251

and 8c ) whereas top horizontal tensile strains were observed in Bay 2 (Fig. 7c). In Bay 3 the top252
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horizontal strains remained close to zero for the tunnel volume losses considered. The significant253

compressive strain observed in Bay 1 is likely due to the embedment of the left building corner254

into the soil, restraining the horizontal displacement at the left bottom building corner, combined255

with the substantial rigid body rotation towards the tunnel and horizontal movements shifting the256

building towards the tunnel centreline. Similarly to test B, the angular distortion for Bay 1 and257

Bay 3 were of opposite sign, but in this case Bay 1 shows larger values, while the angular distortion258

calculated for Bay 2 was close to zero. This suggests that the global response of test C is primarily259

hogging, which would indicate that the left corner embedment primarily provides a horizontal260

reaction, but not a vertical reaction large enough to significantly change the bending behaviour.261

Figs. 7d and 8d show that minor horizontal building strains were transferred to the structure262

of test D. A comparison with test B (Figs. 7b and 8b) indicates that an increase in the window263

openings from 20% to 40% for test D but identical building-to-tunnel position and length had a264

minor impact on the horizontal building strains. By contrast, the angular distortions of Bays 1265

and 3 of test D, shown in Fig. 9d, nearly doubled compared to test B (Fig. 9b). This rise in β266

can be attributed to the increased shear flexibility due to the greater opening percentage. This is267

in agreement with strip method calculations (Ritter, 2017) that estimate a decrease of 21% in the268

facade shear stiffness.269

For the long buildings placed at L/H = 0.5 (tests E and F), the greatest horizontal top tensile270

strains were measured in Bays 2 and 3 (Figs. 7e and f). By contrast, εh,top is almost negligible in271

Bays 1 and 4. This is again indicative that these buildings are behaving primarily in hogging; any272

potential embedment effect at the left corner is only evident in Bay 1 of test F, in which compressive273

strains are again observed, similar to test C. Note that to keep a constant scale for the entire test274

series, the horizontal top tensile strains for Bay 2 of test F are not shown after reaching 0.125%.275

The substantial rise of these tensile strain is related to building cracking. Fig. 8e shows that notable276

horizontal strains were transferred to the base of the Bays 1 and 2 of test E. This suggests that test E277

was primarily in hogging. For test F, only Bay 1 showed compressive strains (Fig. 8f) indicating278

that the increased opening area reduced the bending contribution to horizontal strains.279
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A significant amount of angular distortion was measured in Bays 1, 2 and 4 of the tests E280

and F, as shown in Figs. 9e and f. Tests E and F show very similar behaviour, and again are281

indicative of a building behaving primarily in hogging. In general, increasing the façade opening282

percentage further increased the angular distortion values before cracking, after which the angular283

distortion levelled or decreased due to localization of building strains in cracking elsewhere. In284

combination with the significant amount of horizontal tensile strains experienced in the Bays 2 and285

3 of the tests with structures of L = 260 mm, this finding indicates that long structures spanning286

the greenfield inflection point (tests E and F) were the most vulnerable scenario studied. For these287

building-to-tunnel configurations building damage will occur at low tunnel volume loss, as will be288

explored in Section 4.289

Mechanical interpretation290

Using the same approach as outlined above, an analysis at half-bay spacing was carried out291

to aid in mechanical interpretation. Fig. 10 shows the shear strain, γ (Equation 10), and top292

horizontal strain distribution along the building length. A simplified schematic interpretation of293

the net loading (w) due to the tunnelling-induced distribution of the building load and the evolution294

of shear (V) and bending moment (M) distributions is also provided in Fig. 11. Note that this295

schematic is not exact, but provides a useful approximation to interpret results if pure hogging296

or sagging displacements were occurring. Note also that this simplified interpretation focuses297

on the vertical component of the tunnelling-induced displacement field and neglects horizontal298

displacements.299

For test A, the tunnelling-settlements cause a load redistribution to the building corners (Fig.300

11a-i). As a consequence, shear forces evolve which concentrate approximately at the building301

quarter points (Fig. 11a-ii). The experimentally obtained shear distribution (test A in Fig. 10a) is302

in good agreement with this mechanical interpretation. The related bending moment interpretation303

is depicted in Fig. 11a-iii. Fig. 10b shows the measured top horizontal strains. The concentration304

of compressive horizontal strains at the building centre is in accordance with the bending moment305

interpretation.306
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The buildings in the greenfield hogging region (tests B and D) are subject to a building load307

redistribution that concentrates close to the building centre (Fig. 11b-i). Fig. 11b-ii and 11b-308

iii illustrate the related shear and bending moment interpretations. The observed shear and top309

horizontal strain distributions (Fig. 10) fit the mechanical explanation. As discussed above,310

increasing the opening area resulted in an increase of the shear strains, while the top horizontal311

strains reduced slightly (compare tests B and D in Fig. 10). Note that the increase in window312

openings decreases the shear stiffness of the building more than the bending stiffness.313

Amechanical interpretation of the behaviour of the structures spanning the greenfield inflection314

point is more difficult. Test C responded primarily in hogging (compare tests B and C in Fig.315

10). The notable compressive strain close to the left building corner (Fig. 10b) is likely caused by316

building rotation and embedment of the left buiding corner (as discussed before). The shear and317

top horizontal strain results of tests E and F indicate that the structures primarily showed hogging318

type distortions. Doubling the window opening area increased the shear strains, while a minor319

reduction of the horizontal strains near the building centre was observed (compare tests E and F in320

Fig. 10). Due to the increased flexibility of test F, the left building corner experienced a sagging321

response explaining the compressive horizontal strains.322

Building damage323

The 3D printed structures exhibit brittle behaviour similar to that of masonry, eventually causing324

cracking during the centrifuge tests. The ultimate strain to failure, εult , of the 3D printed material325

(Table 1) is about an order of magnitude higher compared to brick and mortar structures; thus,326

cracking damage is expected at relatively high tunnel volume loss. Within this section, the onset327

and location of these cracks is identified.328

Fig. 12 presents the building damage observed for test F. For all structural models that329

experienced damage, cracking initiated at the top of the buildings. Horizontal displacement330

profiles at top building level (Fig. 12a) were used to derive the crack onset. Fig. 12a indicates that331

crack locations can be identified where a sharp gradient of the horizontal displacement profiles is332

apparent. In addition, a visual inspection of the corresponding images that were acquired during333
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the experiments was conducted (Fig. 12b). The first visible crack for test F (i.e. crack A in Fig.334

12b) emerged at a Vl,t of approximately 2.6%. As volume loss developed, the crack propagated335

vertically towards the base of the structure, causing the cracks B and C in Fig. 12b. Finally, crack336

D developed.337

From Fig. 12 it is apparent that the crack location was close to the window corners. This was338

expected because openings define the weakest cross-sections and result in stress localisation close339

to the window corners (Giardina et al., 2015). The predominantly vertical direction of the cracks340

can be related to the weak interlayer bond between the different layers of the 3D printed material,341

caused by the powder-based 3D printing procedure (Feng et al., 2015; Ritter et al., 2018). As Vl,t342

developed, the initial cracks grew and a rotation of the two main building parts defined by the initial343

cracks A-C becomes visible (Fig. 12c). This essentially separated the building into two parts that344

rotated independently. The portion to the left of the crack rotated towards the tunnel while the right345

portion experienced notably smaller rotation and displacements.346

Fig. 13 visualises the observed crack patterns of all tests. For test A, no cracking occurred,347

though a gap beneath the building developed at a Vl,t of approximately 1.4% and became more348

pronounced as Vl,t increased. The remaining tests showed building damage, but a gap between the349

foundation and the soil was not observed. Similar trends of crack onset at the top of the building350

models and vertical development of the cracks towards the base of the structures occurred. The351

exact location of the first crack may be explained by the distribution of shear and horizontal strains352

shown in Figure 10.353

Table 2 summarises the Vl,t at the onset of visible cracking. Buildings that spanned both354

the greenfield hogging and sagging region with notable window openings (i.e. 40%) were more355

susceptible to cracking damage which agrees with the measured building deformation parameters.356

For test F, visible cracking occurred at values of surface soil volume loss (Vl,s) of approximately357

2.0%, which is in fair agreement with often applied design values (e.g. Vu et al., 2016). Micro-358

cracking, which is evident in some of the data but cannot be identified with the naked eye, might359

have occurred at slightly lower volume loss values.360
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DISCUSSION OF BUILDING CHARACTERISTIC EFFECTS ON SHEAR AND BENDING361

DEFORMATIONS362

This section considers the relative importance of shear and bending distortions during building363

response to tunnelling. Specifically, building length and façade opening effects on the governing364

mode of building deformation are explored.365

Building length effects366

The effect of different building lengths on the governing mode of building distortions is studied367

by two scenarios, which are illustrated in Figs. 14a and 14b. Scenario (a) focuses on building368

configurations with a constant façade opening percentage of 20% and compares Bay 1 of test B with369

Bay 2 of test E (Fig. 14a) as highlighted with the arrow. Both bays are located at equal position with370

respect to the tunnel centreline. Following the same principles, scenario (b) compares building371

configurations with 40% façade openings (tests D and F, Fig. 14b).372

Fig. 14c presents the impact of the building dimensions on bending and shear deflections,373

which were derived by adopting the Cook (1994) framework (Section 3). For different percentage374

of window opening area (20% and 40%) an increase in the building length from 200 mm to 260 mm375

caused greater bending deflections while shear deflections were rather similar. This is particularly376

true as Vl,t increases, and the substantial change of bending and shear deflection in test F indicates377

cracking initiation at a Vl,t of approximately 2.6% (Fig. 14c). Although L/H increased only from378

2.2 to 2.9, an increase in the building length combined with the position of the building in the379

greenfield hogging/sagging region led to substantially higher bending deformations.380

Building opening effects381

To study the effect of different façade opening percentage, two scenarios are chosen. Fig. 15a382

shows structures B and D both with L = 200 mm and placed in the hogging region of the corre-383

sponding greenfield settlement profile but with 20% and 40% openings respectively. Likewise, the384

buildings of the tests E and F are placed at identical building-to-tunnel position and have equal385

length but differ in opening area (Fig. 15b). These two scenarios are now used to point out the386

effect of window opening variations on the shear and bending deformation components.387
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For buildings with identical length and position relative to the tunnelling-induced settlement388

profile, an increase in window openings from 20% to 40% caused greater shear deflections while389

the bending components generally remained close to zero. This finding is evident for buildings with390

L/H = 2.2 (Fig. 15c) and L/H = 2.9 (Fig. 15d). Only in Bay 2 of the structures with L = 260 mm391

was a considerable bending contribution measured, as can be seen from Fig. 15d-i.392

DISCUSSION OF BUILDING RESPONSE FOR HOGGING AND SAGGING SEPARATION393

To evaluate current assessment methods that analyse building parts on either side of the green-394

field inflection point separately, the building response is quantified for the hogging and sagging part395

individually. Therefore, for the building subdivision a theoretical i = 60 mm is assumed (Fig. 16),396

which is identical to the measured greenfield inflection point at Vl,t = 1.0%. Fig. 16a illustrates397

this approach, and indicates that assessment predictions for test B and the hogging part of test E398

(Ehog) would theoretically give the same result. Likewise, the prediction of the behaviour of the399

sagging part of test C (Csag) would be equal to the prediction for the sagging part of test E (Esag).400

For buildings with 40% of openings, illustrated in Fig. 16b, the hogging parts of test D (Dhog) and401

test F (Fhog) should theoretically result in identical building response. While Mair et al. (1996)402

reported that building parts exceeding x = 2.5 · i, where i is the greenfield inflection point, can403

be neglected, Netzel (2009) showed that this assumption might lead to underestimation of bending404

strains. Therefore, within this work the entire building length is considered.405

Fig. 16c compares the damage parameters for test B and Ehog as Vl,t developed. The theoretical406

hogging part of test E experienced a different response than test B. A considerable greater tensile407

strain was monitored at the top of test E while the base horizontal strain is rather similar for both408

tests analysed. The additional extent of the building towards the tunnel in test E caused a significant409

increase in the slope, as can be seen from Fig. 16c. Similarly, the rigid body rotation (i.e. tilt)410

measured for the hogging part of test E notably increased compared to the one of test B. Although411

there is scatter in the GeoPIV data, Fig. 16c indicates a greater angular distortion for Ehog. These412

observations show that test E is more vulnerable to potential building damage than test B.413

Fig. 16d compares the response of the theoretical hogging part of test F with test D. The trends414
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evident in Fig. 16d for 40% openings match the observations made for the buildings with 20% of415

openings (Fig. 16c). These results demonstrate that treating the theoretical sagging and hogging416

part of a building separately, i.e. subdividing the structure at the greenfield inflection point, can417

lead to underestimation of building damage.418

The building deformation parameters for the sagging parts of test C (Csag) and E (Esag) are419

presented in Fig. 16e. While the compressive top horizontal strain for Csag is notably greater than420

for Esag, the remaining parameters indicate a similar response for both tests. As a consequence, the421

additional building length of test E had a minor influence on the building part in the sagging region.422

This finding suggests that a sagging/hogging subdivision might result in satisfactory predictions423

for the sagging part of a building, which generally is the less critical part due to predominantly424

compressive strains, though additional data is needed to confirm this observation.425

CONCLUSION426

This paper discusses the results of a series of centrifuge model tests focusing on the effect427

of different building details on the response of buildings to tunnelling-induced movements. A428

schematic tunnel excavation in dry, dense sand and complex surface structures with brittle material429

properties were modelled at 1/75th of prototype scale. The vital role of different building layouts,430

different building positions relative to the tunnel and different percentages of façade opening area431

was investigated. While the modification of typical greenfield displacements due to soil–structure432

interaction mechanisms was discussed elsewhere (Ritter et al., 2017a), the experimental data was433

used to obtain insight into the influence of structural details on the building response and to evaluate434

the widely accepted partitioning approach.435

Son andCording (2005) andCook (1994)methodswere detailed and used to estimate both global436

and local (building unit) deformations from the displacements of the top and bottom building levels.437

Interestingly, under the adopted assumptions, angular distortion and shear strains are identical.438

Global and local building deformation data revealed that the building response to tunnelling439

subsidence and related cracking depends on the building-to-tunnel position and structural details.440

Structures that were placed in the greenfield hogging/sagging transition regions were more vulner-441
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able to building damage than equal buildings located in either sagging or hogging. Increasing the442

building length and the façade openings resulted in larger horizontal top tensile strains and angular443

distortion values. Cracking onset and patterns observed for the different building configurations444

confirmed the building response, resulting from the analysis of building deformation parameters.445

Bending and shear deformation components of buildings subject to tunnelling-induced set-446

tlements were experimentally obtained. The results have shown the effect of changing building447

dimensions and façade opening percentage on the bending and shear deformations. An increase in448

the building length led to an increase in bending deflections while shear deflections remained rather449

equal. A larger window opening area caused a considerable increase in the shear component but450

had little effect on bending deformations. These findings indicate the importance of considering451

both shear and bending deformations when assessing tunnelling-induced settlement damage on452

structures.453

The widely accepted framework of individually assessing building parts on either side of the454

greenfield inflection point was evaluated. It was shown that the partitioning approach led to455

reasonable results for sagging parts of structures. However, hogging parts showed a significantly456

different structural response if the structure extended across the corresponding greenfield inflection457

point. This finding was obtained for buildings with different window opening percentage. The458

obtained results suggest that neglecting the sagging part of a building when evaluating the hogging459

part might lead to underestimation of the building damage.460

Finally, the experimental results provide missing benchmark data of realistic building models461

subject to tunnelling-induced settlements in order to verify computational models and to evaluate462

currently available design methodologies that account for the soil–structure interaction.463
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TABLE 1. Details of the test series and the 3D printed material properties including density, ρ,
flexural strength, ft , Young’s modulus, E , ultimate strain to failure, εult , global axial stiffness of
the buildings at prototype scale, E A, global bending stiffness of the buildings at prototype scale,
EI, and average neutral axis height, hN A.

Test Model scale 3D printed material properties Global building stiffness Neutral axis
e L H O ρ ft E εult EA EI hN A

(mm) (mm) (mm) (%) (kg/m3) (MPa) (MPa) (%) (kN/m) (kNm2/m) (mm)

A 0 200 90 20 1293 1.362 893.1 0.298 4.49·105 1.48·106 34.6
B 160 200 90 20 1278 1.311 800.6 0.357 4.03·105 1.32·106 34.6
C 100 200 90 20 1261 1.130 727.4 0.282 3.66·105 1.20·106 34.6
D 160 200 90 40 1272 0.934 516.0 0.352 2.04·105 4.05·105 29.9
E 130 260 90 20 1280 1.139 689.9 0.309 3.45·105 1.14·106 34.5
F 130 260 90 40 1247 1.702 1039.2 0.246 4.06·105 8.10·105 29.7
Masonry∗ 1900 0.1-0.9 1000-9000 0.038-0.06†
Field data‡ 6·105-9·107 7·103-7·109

∗The masonry properties are according to Giardina et al. (2015).
†Tensile strain values at the onset of visible cracking for brick walls as observed by Burland and Wroth (1974).

‡Reported by Mair and Taylor (1997) and Dimmock (2003).
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TABLE 2. Visible cracking. Tunnel volume loss values refer to crack onset.

Test Vl,t (%)

A no cracks
B 14.0
C 8.0
D 10.4
E 5.5
F 2.6
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(a) Test A: e/L=0, L/H=2.2, O=20%. (b) Test B: e/L=0.8, L/H=2.2, O=20%.

(c) Test C: e/L=0.5, L/H=2.2, O=20%. (d) Test D: e/L=0.8, L/H=2.2, O=40%.

(e) Test E: e/L=0.5, L/H=2.9, O=20%.

H

e

L

tunnel

A A - A:

A

(f) Test F: e/L=0.5, L/H=2.9, O=40%.

Fig. 1. Centrifuge test series with varying building length, L, building eccentricity, e, and façade
openings, O.
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Fig. 2. Building configuration: (a) front view of 200 mm long building, (b) cross-sections of the
front façade only (see Fig. 1f), (c) plan view of 200 mm long building and (d) plan view of 260
mm long building. Dimensions in mm.
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Fig. 4. Subdivision of building at partition walls (dashed vertical lines) into building bays and
notation of corner points for a building of 260 mm length.
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Fig. 5. Framework to investigate building response after Cook (1994).
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Fig. 6. Global building deformation parameters (no subdivision into bays): (a) top horizontal
strain, (b) base horizontal strain, (c) slope, (d) tilt and (e) angular distortion. Positive strains
indicate tension.
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(a) A: e/L=0, L/H=2.2, O=20%
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Fig. 7. Top horizontal strain for building bays. Positive strains indicate tension.
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(a) A: e/L=0, L/H=2.2, O=20%
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Fig. 8. Base horizontal strain for building bays. Positive strains indicate tension.
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(a) A: e/L=0, L/H=2.2, O=20%
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Fig. 9. Angular distortion for building bays.
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Fig. 11. Mechanical interpretation: (a) sagging and (b) hogging.
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Fig. 12. Cracking of test F.
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(a) Test A. (b) Test B.

(c) Test C. (d) Test D.

(e) Test E.

(f) Test F.

Fig. 13. Crack initiation and location. Solid (blue) ovals indicate cracks while dashed (red) ovals
show potential micro-cracking. Letters indicate order of crack propagation.

39 Ritter, January 22, 2020



(a) Buildings with 20% openings. (b) Buildings with 40% openings.
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Fig. 14. Influence of increasing L/H on bending and shear. Tunnel position and diameter in
scenarios (a) and (b) are not to scale. The arrows highlight the compared bays.
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(a) Buildings with L = 200 mm. (b) Buildings with L = 260 mm.
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(c) Experimental results for buildings with L = 200 mm.
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(d) Experimental results for buildings with L = 260 mm.

Fig. 15. Influence of increasing the opening percentage on bending and shear. Tunnel position and
diameters in scenarios (a) and (b) are not to scale. The arrows highlight the compared bays.
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(a) Buildings with O =
20%.

(b) Buildings with O =
40%.
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(c) Building deformation parameters for the hogging parts of buildings with 20% façade openings
(tensile strains are positive).
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(d) Building deformation parameters for the hogging parts of buildings with 40% façade openings
(tensile strains are positive).
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(e) Building deformation parameters for the sagging parts (tensile strains are positive).

Fig. 16. Hogging and sagging separation. (a), (b) scenarios; experimental results: (c), (d), (e).
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