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ABSTRACT4

This paper describes a new framework for the assessment of potential damage caused by tunnelling5

induced settlement to surface masonry buildings. Finite elements models in two and three dimensions,6

validated through comparison with experimental results and field observations, are used to investigate7

the main factors governing the structural response to settlement. Parametric analyses are performed on8

the effect of geometrical and structural features, like the building dimensions, the nonlinear behaviour9

of masonry and the soil–structure interaction. The results are used to set a framework of an overall dam-10

age model, which correlates the analysed parameters with the risk for the building of being damaged11

by a certain settlement. The proposed vulnerability framework has the potential to be developed as a12

decision and management tool for the evaluation of the risk associated with underground excavations13

in urban areas.14
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INTRODUCTION16

In the area of tunnelling projects in urban areas, assessing the impact of the excavation on surface struc-17

tures is an essential and complex component. The prediction of potential damage caused by tunnelling18

induced settlements is particularly challenging for masonry buildings, which represent the majority of19

historical structures. In addition to the uncertainties related to the soil movement prediction and the20

soil–structure interaction, also the unknowns in the masonry components and their mechanical proper-21
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ties need to be considered. Furthermore, both the soil and the masonry exhibit a nonlinear behaviour,22

which affects the global structural response.23

Prospect of this research is the development of a new framework for the damage assessment, which re-24

lates the damage potentially caused to the building by the tunnelling induced ground deformations with25

the main parameters influencing the structural response to settlements, i.e. the building geometry, the26

amount of openings, the masonry and soil–structure interaction properties, the type of settlement pro-27

file. More specifically, a two-dimensional (2D) finite element model is used to investigate the effect of28

geometrical, material, loading and boundary conditions, while the effect of the tunnelling advance and29

the global torsional response of the structure are evaluated through sensitivity analyses performed on30

a three-dimensional (3D) model. To summarise the results of the numerical investigation two different31

damage models are proposed, based on polynomial and piecewise linear functions. Both models cor-32

relate the main building characteristics with the risk of being damaged by a certain level of settlement.33

The polynomial function gives the possibility to interpret the general sensitivity of each parameter to34

the expected damage. The piecewise linear functions allow to interpret the influence of each parameter35

on the expected moment of damage initiation and the subsequent progression of damage. The dam-36

age functions are based on the results of parametric analyses performed on 2D and 3D finite element37

models. The numerical models have been previously validated for a number of parameters through38

comparison with field data and experimental results.39

In the following sections, after a brief overview of the state of the art, the description of the 2D and40

3D finite element models used to investigate the structural response to settlements is given. Then, the41

results of the parametric study performed on the validated models are presented. Finally, the polynomial42

and piecewise linear damage functions are defined and evaluated on their capability to predict the43

numerical results and therefore to describe the global vulnerability of the structure.44

LITERATURE REVIEW45

The current assessment procedures apply the tunnelling induced greenfield displacements, calculated46

without considering the building influence, to a linear elastic beam representing the building. Geo-47

metrical properties corresponding to the ones of the building are assigned to the beam, together with48

equivalent shear and bending stiffness values; in this way, the strains induced by the soil displacements49
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to the structure are evaluated. The comparison with limit values for the combination of shear, bending50

and tensile strains allows to classify the building according to the expected damage level (Burland and51

Wroth 1974; Boscardin and Cording 1989). Modified parameters based on numerical analyses, experi-52

mental tests and field data are included, to take into account the effect of the soil–structure interaction53

(Potts and Addenbrooke 1997; Franzius et al. 2006; Mair 2013).54

Numerical studies performed on a 2D coupled model of building and soil revealed the limitations55

of the simplified linear-elastic model for the structure, which can lead to both too conservative or56

unconservative results (Netzel 2009). The damage prediction could therefore be improved by the use57

of computational approaches including plastic or cracking models for the masonry (Rots 2000; Son58

and Cording 2007; Giardina et al. 2013; Amorosi et al. 2014) and calibrated with experimental results59

(Laefer et al. 2011; Giardina et al. 2012). Furthermore, the combined effects of the main parameters60

governing the building vulnerability should be evaluated in a comprehensive damage model (Clarke61

and Laefer 2014).62

NUMERICAL MODELS AND VALIDATION63

The response of surface structures to tunnelling is a 3D problem: tunnel excavations cause a progressive64

3D ground displacement field and the structural response depends on the 3D behaviour of the structure,65

e.g. in terms of torsion and effect of transverse walls. However, in the structural assessment, the ground66

deformations are generally decomposed in the transverse and longitudinal directions with respect to the67

tunnel axis. In this research, 2D and 3D models have been used to investigate different aspects of the68

problem. In particular, the 2D model has been used to derive information about the effect of openings,69

material properties, building weight, initial damage, normal and shear behaviour of the soil–structure70

interaction and type of settlement profile. The potential of the 3D model has been exploited to include71

the evaluation of aspect ratio of horizontal building dimensions, connection with adjacent structures,72

and position and alignment of the building with respect to the excavation.73

This section describes the main features of the computational models adopted in this research and74

their validation through comparison with experimental and field data. An overview of the different75

characteristics of the models is given in Table 1.76
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2D finite element model77

The 2D semi-coupled model reproduces the experimental test presented in Giardina et al. (2012). The78

test simulates the tunnelling-induced damage of a 1/10th scaled masonry façade. The structure is79

subjected to a controlled hogging deformation, which is considered the most dangerous for the surface80

building (Burland et al. 2001). The selected profile is comparable to the greenfield settlement induced81

by a 20 m deep tunnel driven in stiff clay, according to the analytical curve proposed by Peck (1969).82

The settlements are applied to a nonlinear interface accounting for the soil–structure interaction. This83

interface was characterised by no-tension, compression stiffness equivalent to a Dutch pile foundation84

(Rots 2000) and negligible stiffness in shear. The settlement profile is applied progressively in a number85

of steps, and therefore the results are also expressed relatively to the increasing applied deformation.86

The finite element model includes a smeared coaxial rotating crack model for the masonry, with linear87

tension softening after cracking. The interface between the façade and the steel beam was characterised88

by no-tension, assigned stiffness in compression and negligible stiffness in shear. The numerical model89

has been validated for the specific set of parameters adopted in the experimental test, showing the model90

capability to accurately reproduce the crack patterns and the deformation of the tested structure. More91

details can be found in Giardina et al. (2013).92

3D finite element model93

The limitations of the 2D modelling approach in simulating the progressive 3D displacement field in-94

duced by the excavation and the consequent torsional response of the building are overcome by the95

development of a 3D coupled model of building, foundation, soil and tunnel. Compared to the 3D96

models currently available in the literature (Augarde 1997; Liu 1997; Burd et al. 2000; Bloodworth97

2002; Franzius 2003; Pickhaver et al. 2010), the main improvement of the presented approach con-98

sists in the introduction of a crack constitutive law with tension softening to simulate the progressive99

building damage on a masonry building. Coupling the different components allows reproducing the100

reciprocal influence between the building and the settlement profile. The tunnelling advance is simu-101

lated by a sequence of excavation steps: in each step a fixed value of ground volume loss is applied.102

As a consequence, all the analysis results refer to a fixed value of applied deformation, which corre-103

sponds to the imposed amount of volume loss. The 3D simulation of the structure and the tunnelling104
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advance makes it possible to include the longitudinal settlement profile effect and the torsional building105

response. Since field measurements showed that the horizontal strain transmitted to the structure is of-106

ten very small (Mair 2003), a smooth interface between the soil and the building is assumed. Following107

the same method applied to the 2D semi-coupled approach, the 3D modelling approach is validated108

through comparison with the monitoring data of a literature case study. Details about the model dimen-109

sions, loads, boundary conditions, material properties and the validation of the modelling approach are110

given in Boldrini (2011), Kappen (2012) and Giardina (2013).111

PARAMETRIC STUDY112

The numerical models have been used to perform a series of parametric analyses on the effect of geo-113

metrical aspects, material properties and boundary conditions on the building response to settlements.114

Analysis variations115

The sensitivity study analysed the following parameters:116

x1 : percentage of façade openings (Fig. 1a)

x2 : fracture energy of masonry, Gf

x3 : Young’s modulus of masonry, E

x4 : tensile strength of masonry, ft

x5 : normal stiffness of the base interface, kn

x6s : shear behaviour of the base interface

x6t : type of settlement profile (Fig. 1b)

x7 : orientation, O (Fig. 2)

x8 : grouping, G (Fig. 2)

x9 : position, P (Fig. 2)

x10 : alignment, A (angle α in Fig. 2).

The values assumed in the parametric analyses performed on the 2D and 3D models are listed in Tables117

2 and 3, respectively. For the amount of openings, masonry properties, interface parameters and settle-118

ment profile types, the variations were chosen to cover a wide range of scenarios. More details on the119

selection of each of these parameters can be found in Giardina (2013). The definitions of orientation,120

grouping and position were derived from the Building Risk Assessment (BRA) procedure (Gugliel-121

metti et al. 2008). The orientation is defined as the aspect ratio between the building dimensions in the122

direction parallel (B) and perpendicular (L) to the tunnel axis. In the parametric study, three different123

conditions for the B/L ratio were analysed: B/L < 0.5 (O1), 0.5 < B/L < 2 (O2) and B/L > 2124

(O3). The grouping considers the modified lateral boundary conditions imposed by the presence of125
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adjacent buildings: isolated building (no interior walls) with dimensions B and L < 2D (G1), isolated126

building (no interior walls) with B < 2L and L > 2D (G2) and grouped building (two interior walls)127

perpendicular to the tunnel axis (G3), where D indicates the tunnel diameter. A full connection is128

assumed between the interior walls and the façades. The position is defined as the ratio between the129

horizontal tunnel-building distance d and the tunnel diameter D: d/D < 1 (P1), 1 < d/D < 3 (P2)130

and d/D > 3 (P3). The alignment is the angle between the tunnel axis and the reference system of the131

building plant.132

Damage indicators133

The convenience of using numerical analyses in the framework of the existing damage classification134

system (Burland and Wroth 1974) strongly depends on the possibility of relating the finite element135

output to the required assessment input in terms of cracks. Therefore, for all the examined variations136

the structural damage is here evaluated in terms of maximum crack width. Other damage indicators,137

like horizontal strain and angular distortion, were also used to quantify the damage: the results of all138

evaluations are reported in Giardina (2013).139

In the 2D analyses, the maximum crack width is derived from the relative displacements between two140

nodes on either side of the most pronounced crack. For the 3D models, the maximum crack width141

is calculated at the integration point level of the finite elements as wmax = εcr,max h, where εcr,max is142

the maximum crack strain and h is the pre-assumed crack bandwidth. The value of h is related to the143

average area A of the finite elements of the building, according to the formula h =
√

2A (Slobbe et al.144

2013), and it is equal to 566 mm. Compared to the methods used for the 2D models, this procedure145

allows for a more efficient data processing, which is especially relevant in case of 3D modelling. Local146

verifications have been performed to assure the comparability of the results.147

As anticipated before, for the 3D analyses all the results refer to a fixed volume loss VL of 2% (Fig. 3b),148

while for the 2D results the damage is expressed as a function of the applied deflection ratio ∆̂ (Fig.149

3a). As a consequence, the 3D analyses offers additional information on the tunnelling advance and150

the 2D analyses offer additional information on the progression of the maximum crack width with the151

increasing applied deformation. For both the 2D and 3D results, the final damage in terms of maximum152

crack width is also translated into the corresponding damage class, according to Burland and Wroth153
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(1974) (Tab. 4). This allows for a direct comparison of the final assessment with the result of the154

application of the Limiting Tensile Strength Method (LTSM) to each single variation. The comparison155

is visualised as the ratio between the numerical and LTSM damage levels (damage level ratio).156

Analysis results157

To exemplify the procedure, the results corresponding to selected parameters for the sensitivity study158

performed on the 2D and 3D models are briefly illustrated. Starting with the 2D models, Figure 4 shows159

the maximum principal strain distribution and the deformed configuration at the maximum applied160

displacement of 11.5 mm (end of the experimental test) for the considered values of opening percentage161

(x1). The small rectangular holes in all three models indicate additional vertical load applications,162

used in the scaled experiment to amplify the gravity: both in the experiment and in the model they163

work as imperfections in the façade. The contour plots indicate a strong localisation of the damage164

at the corner of the openings or at the imperfections, where the cracks defining the failure mechanism165

are concentrated. In the reference case, the first bending crack arises at the top of the façade, and166

progressively crosses the entire section in the vertical direction (Fig. 4c). Conversely, in the blind167

wall the increased stiffness reduces the initial bending, and the main crack develops horizontally, near168

the base (Fig. 4a). In the intermediate case, the failure mechanism presents both the horizontal and169

vertical cracks, but limited to the area around the largest window at the ground floor (Fig. 4b). Figure170

4 also shows how the relatively high stiffness of the blind wall and the wall with the small openings171

leads to gapping in the no-tension interface, while in the reference case the façade follows more closely172

the applied settlement trough. According to Son and Cording (2007), the corresponding reduction in173

equivalent bending stiffness varies between 3 and 11% (for 10% of openings) and 20 and 26% (for 30%174

of openings), depending on the masonry properties.175

The maximum crack width increases with the increase of openings. The damage level corresponding176

to the maximum crack width growth (Fig. 5a) confirms that for the analysed situation a façade with177

a larger amount of openings is more prone to the damage induced by the hogging settlement. The178

increased structural vulnerability due to the crack localisation and the reduced shear section has a179

much stronger effect than the increased bending flexibility given by more openings. As shown in180

Figure 5b, the LTSM only takes into account the latter effect, leading to a substantially higher damage181
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level prediction for the two cases with openings, based on the numerical results compared to the LTSM182

prediction. More details about the physical interpretation of all the parametric results are given in183

Giardina (2013).184

Following the same approach, the influence of the building orientation B/L on the structural damage185

is illustrated. By using the 3D model, the effect of building orientation was examined for different186

alignment, position and grouping conditions. For each of the combination sets shown in Table 3, only187

the orientation parameter was varied, while the other conditions were kept constant. Figure 6 illustrates188

the case of three grouped buildings (G3), adjacent (P1) and aligned (A0) to the tunnel axis.189

For the orientation O1 and O2, the ratio B/L is modified by varying the dimension B of the transverse190

walls: the two buildings have the same dimension L in the direction perpendicular to the tunnel axis and191

they are subjected to both sagging and hogging type of settlements. Consistently with field observations192

(Burland et al. 2001), the structure is more vulnerable to the hogging deformation, and therefore the193

failure mechanism corresponds to the typical hogging-induced damage, with two main vertical cracks194

starting form the façade top. The response is magnified by the modelling assumption of neglecting195

the influence of the roof. For the O3 case the increased B/L ratio is obtained by reducing the L196

dimension, and therefore the building falls entirely into the sagging area of the settlement profile. As a197

consequence, its failure mechanism is characterised by a vertical crack at the façade base, worsened by198

the rotation of the load bearing transverse walls, during the excavation phases under the building (Stage199

9 in Fig. 6). Figure 6 includes the visualisation of the base interface normal stresses. The vector plots200

reveal that the building weight and live loads keep the interface compressed; local unloading is visible201

below the main cracks.202

In Figure 7 the damage levels for this variation are compared with the ones resulting from the other203

analysed combinations, i.e. single buildings (G1) located at different positions with respect to the204

tunnel axis (P1, P2, P3). The graphs show that for the selected case (G3-P1-A0) the global damage is205

moderate for all the assumed values of B/L. In case of a single building (G1), for equal dimension L,206

the damage tends to increase when increasing the longitudinal dimension B (orientation O1 and O2 of207

the curves G1-P2-A0 and G1-P3-A0). This happens because the connection between the two façades208

offered by the transverse walls becomes more flexible, and therefore the stiffening effects against the209
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deformation induced by the transverse settlement profile is reduced. When the B/L ratio increases by210

decreasing L, the tilting component of the building distortion becomes dominant and the risk of damage211

is reduced. This is consistent with the vulnerability coefficients derived by Guglielmetti et al. (2008),212

which indicate an increased vulnerability with the increase of the façade dimension in the direction213

transverse to the tunnel axis. A similar effect occurs when a series of adjacent buildings are connected214

via common transverse walls. Grouped buildings suffer from more severe damage than short isolated215

buildings, which tend to tilt more rigidly. The position parameter affects simultaneously the magnitude216

and the type of settlement. The damage generally decreases with the increase of distance from the217

tunnel, due to the reduction of settlement values (Guglielmetti et al. 2008). Buildings located in the218

proximity of the tunnel (sagging zone) and characterised by a compact geometry and thus by a stiffer219

global response represent an exception to this trend. A detailed interpretation of the effect of grouping,220

position and alignment parameters on the structural response is presented in Giardina (2013).221

Figures 8 and 9 report the results in terms of damage level for all the analyses performed on the 2D222

and 3D model, respectively. The results underline the high dependency of the final damage on the223

material cracking and the soil–structure interaction, which should therefore be included in the structural224

response evaluation. In particular, the quantified influence of the interface normal stiffness support225

the studies oriented to the evaluation of the relative stiffness between the building and the soil (Potts226

and Addenbrooke 1997; Franzius 2003; Goh and Mair 2011). The effect of masonry fracture energy227

and tensile strength emphasises the importance of an appropriate level of knowledge of the material228

properties, which could be obtained through preliminary non-destructive tests.229

VULNERABILITY FRAMEWORK230

The quantitative results of the variational study are used to set the framework of an alternative damage231

classification system.232

The selected damage function d depends on a certain number of parameters xi, collected in an array233

x: d = d(∆̂,x). The damage function approximates the data points dnum resulting from the parametric234

analyses performed on the 2D and 3D models. In the 2D case the dependency on the deflection ratio235

∆̂ is also explicitly considered. The approximated solution of the system d(∆̂,x) ∼= dnum(∆̂,x) is236

obtained by minimising the sum of squares
∑k

f=1

∑l
s=1 (df (∆̂s, x)− dfnum(∆̂s, x))2, where k = 14+237
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15 = 29 is the total amount of 2D and 3D variation studies, the superscript f indicates the individual238

numerical analyses, l = 24 is the total amount of deflection ratios considered, between 0 and 3× 10−3,239

and s indicates each individual deflection ratio.240

Damage functions241

Two alternative damage functions are used to fit the numerical results: a polynomial and a piecewise242

linear function. The polynomial functions approximating the 2D and 3D results are defined as:243

d′2D(∆̂,x) = d2D,ref(∆̂) +
∑6

i=1
aixi = b1 + b2∆̂ + b3∆̂

2 + b4∆̂
3 +

∑6

i=1
aixi (1)244

245

d′3D (x) = d3D,ref +
∑10

i=7
aixi = b5 +

∑10

i=7
aixi (2)246

where d2D,ref and d3D,ref are the selected reference values for the 2D and 3D variations, respectively,247

ai and bi are the polynomial coefficients and x contains normalised values of the parameters xi. The248

normalised parameters xi will be described in the next subsection. Note that both functions are linear249

in the parameter xi.250

The 2D analyses have been carried out by imposing a certain deformation to the interface at the façade251

base, and therefore the 2D damage function depends on both the deflection ratio ∆̂ and the analysed252

parameters xi. A third order polynomial is chosen to fit the numerical results. A preliminary fitting253

of the reference case, which corresponds to the experimentally tested façade, showed that a cubic254

polynomial is the lowest degree that guarantees a good approximation of the numerical curve (Fig. 10a).255

Conversely, the 3D analyses simulated the tunnel advance for a fixed value of volume loss VL = 2%,256

and therefore the 3D damage function does not depend on the applied deformation.257

Defining the damage function as the sum of the normalised parameters multiplied by coefficients ai258

gives a relatively simple expression, which has the main advantage of making the relative weight of259

each parameter explicit. However, the 2D numerical analysis curves are typically characterised by a260

steady increase of damage after a longer or shorter latency and before reaching a certain damage level261

plateau; a piecewise linear function with three intervals for ranges of ∆̂ depending on the parameters xi262

was therefore adopted as alternative damage function (Fig. 10b). This second model for the 2D results263

can be written as:264
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d′′2D

(
∆̂,x

)
=


1 for ∆̂ ≤ ∆̂1

1 + 5
∆̂− ∆̂1

∆̂2 − ∆̂
for ∆̂1 ≤ ∆̂ ≤ ∆̂2

6 for ∆̂ ≥ ∆̂2

(3)265

where266

∆̂1 = c0 +
∑6

i=1
cixi (4)267

268

∆̂2 = d0 +
∑6

i=1
dixi (5)269

are the deflection ratio values corresponding to the onset of damage and to the maximum damage,270

respectively (Fig. 10b). From the difference ∆̂2 − ∆̂1 = d0 − c0 +
∑6

i=1 (di − ci)xi it follows that271

(di − ci) is a measure of the damage progression rate (Fig. 10b).272

Normalised parameters273

Normalising the range of each parameter xi to a unit range facilitates the interpretation of the coeffi-274

cients ai, ci and di. The normalised parameters are defined as:275

x1 =
x1 − x1ref

30
x1 ∈ [−1, 0] (6) x2 =

x2 − x2ref
990

x2 ∈ [0, 1] (7)276

x3 =
x3 − x3ref

8000
x3 ∈

[
−1/4,

3/4
]

(8) x4 =
x4 − x4ref

0.8
x4 ∈ [0, 1] (9)277

x5 =
log10 x5 − log10 x5ref

2
x5 ∈ [−1, 0] (10)278

279

x6 =

 0

1

if (x6s, x6t) = (smooth, hogging) or (rough, sagging)

if (x6s, x6t) = (smooth, sagging) or (rough, hogging)
(11)280

x7 =


−1/2

0

1/2

if x7 = O1

if x7 = O2

if x7 = O3

(12)

x8 =


0

1/2

1

if x8 = G1

if x8 = G2

if x8 = G3

(13)

x9 =


−1/2

0

1/2

if x9 = P1

if x9 = P2

if x9 = P3

(14)

281

x10 =
||x10| − 90| − 90

90
x10 ∈ [−1, 0] (15)

282

283

where xiref are the parameter values in the reference case.284
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The normalised parameters xi are formulated such as to become zero at the reference case: for each285

parameter the normalisation to a unit range is based on the domain of values assumed in the sensitivity286

study. For example, in the analysis of the opening amount influence, the considered values are 0, 10287

and 30% of openings, being 30% the reference value, and therefore the difference between x1 and x1ref288

in Equation 6 is divided by 30.289

The normalised parameters from x1 to x4 are linearly related to the respective parameters xi. The inter-290

face normal stiffness x5 can vary over several orders of magnitude; x5 indicates the order of magnitude291

by using a logarithmic function. The effect of the base interface shear behaviour depends on the applied292

profile of horizontal deformations, which is determined by the position of the structure with respect to293

the tunnel (e.g. sagging or hogging area). For this reason, the influence of parameters x6s and x6t is294

coupled in the x6 formulation. According to Equation 11, an increase of damage is expected for the295

combination of a smooth interface in the sagging zone and a rough interface in the hogging zone. This296

formulation interprets a general trend observed by previous research (Netzel 2009; Giardina 2013).297

The highest value of x6 is executed to lead to an increase of damage with respect to the reference case.298

The definition of x10 takes into account the observation that in the hogging area the building is more299

vulnerable when its façades are aligned with the transverse settlement profile, thus x10 = 0◦, 180◦ (Gi-300

ardina 2013). Although such a trend cannot be deduced for the sagging area, the x10 formulation does301

not take the interaction between alignment and type of settlement profile into account. An increase in302

x10 is expected to lead to an increase of damage.303

The final damage level resulting from the numerical simulations, which was related to the maximum304

crack width by means of a step function ranging from 1 to 6 (Tab. 4), is now smoothened into a305

continuous function of the maximum crack width, as illustrated in Figure 11.306

RESULTS307

In this section, first the performance of the two damage models based on the polynomial and the piece-308

wise linear functions in predicting the 2D numerical results are compared; then the results of the poly-309

nomial function based damage model when applied to the sensitivity analysis performed on the 3D310

model are presented. Figure 12 shows the comparison between the data from the 2D analysis and the311

fitted damage functions. The damage functions are obtained by fitting the results of all the progressive312
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24 values of ∆/L applied in the 14 numerical analyses, leading to the evaluation of 336 observations.313

Considering the relative simplicity of both damage functions with a limited number of coefficients314

compared to the number of observations and the number of influence parameters, the damage models315

show an adequate flexibility in predicting the damage level as a function of the applied deformations.316

Approximations offered by the polynomial function appear to deviate when the shape of the numerical317

curve is particularly steep, i.e. the damage rapidly increases for a small increment of applied deforma-318

tion, due to the brittle behaviour of masonry. This deviation between the numerical analysis and the319

estimated curves is probably mainly due to the selected shape of the first part of the damage function,320

which is a third degree polynomial function with constant coefficients bi. The values of the coefficients321

ai, bi, ci and di are reported in Table 5.322

Compared to the polynomial, the piecewise linear function can better capture the sudden change of323

slope corresponding to the cracking initiation, and in general gives a better approximation of the nu-324

merical data afterwards. The solution offered by the piecewise linear function is also generally more325

conservative, in relation to the numerical results. Exceptions are represented by the cases where the in-326

termediate parameter value does not lead to an intermediate damage behaviour, with respect to the two327

extreme parameter values. For example, an increase of tensile strength from ft = 0.1 MPa to ft = 0.9328

MPa leads to a global reduction of vulnerability (Fig. 12d). However, the intermediate case ft = 0.3329

MPa presents a local sudden increase of slope around ∆̂ = 1 × 10−3, which is underestimated by the330

damage curve. Another example of this behaviour can be detected in the interface normal stiffness vari-331

ations (Fig. 13a). Since a stiffer interface is leading to a general higher level of damage, the damage332

functions for the intermediate case tend to predict an intermediate level of damage, underestimating the333

local brittle behaviour shown in Figure 13a2.334

On average, the damage functions can give a reasonable approximation of all the selected curves.335

Exceptions are represented by the combinations between the type of settlement profile and the shear336

behaviour of the interface (Figs. 13b2, 13c1 and 13c2). The reason can be the local discrepancy337

between the assumed formulation of x6 (Eq. 11) and the observed interaction of factors x6s and x6t338

representing the shear behaviour of the base interface and the type of applied settlement, respectively.339
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Figure 14 shows the comparison between the averaged 3D results and the prediction offered by the340

polynomial damage function. More than one analysis set were available for the orientation, position341

and alignment variation; in order to reduce the influence of the relatively arbitrary selection of cases342

included in the sensitivity study, the results were preliminary averaged for these variations, resulting in343

a similar weight for the four variations. The average values, which are used as data in the least square344

procedure, are connected by grey lines. As for the 2D study, the model is able to interpret the trends of345

the parameter variations. The accuracy of the prediction is limited by the choice of adopting a damage346

function, which is linear in the parameters x. However, the choice of a multilinear damage function347

(Eq. 2) facilitates the interpretation of the obtained coefficients ai, as the value of ai indicates possible348

increases of damage levels by varying the corresponding parameter xi.349

Figure 15a visualises the values of the coefficients ai of the polynomial functions. The absolute value350

of each coefficient indicates its relative influence on the structural damage level, while the sign of351

each coefficient indicates the relation between a variation of the corresponding parameter value and352

the increase or decrease of building vulnerability. Figure 15b illustrates the additional interpretation353

of the parametric results offered by the piecewise linear function. Whereas the parameter a1 would be354

interpreted as increase or decrease of damage level, the parameters ci and di would be interpreted as355

increase or decrease of the critical deflection ratios ∆̂1 and ∆̂2 (Eq. 4 and 5). Parameters ci represent356

the effect of each parameter on the crack initiation, while the difference between di and ci is a measure357

of the crack propagation rate. The structural behaviour becomes more brittle for an increasing value358

of parameter xi when di − ci < 0, while the cracking propagates at lower rate, i.e. more ductile, for359

increasing xi if di − ci > 0.360

For example the value of the coefficient a1 related to the opening percentage parameter x1 (Fig. 15a)361

shows that an increase of openings from 0 to 30% of the façade surface increases the structural vul-362

nerability up to 2 damage levels. The positive sign of the coefficient indicates a positive correlation363

between the value of the parameter and the damage level variation (see Fig. 5a). The corresponding364

coefficients c1 and d1 (Fig. 15b) indicate that the opening percentage has a limited influence on the365

onset of damage, while it has a relatively larger influence on the rate of damage afterwards. Since366
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di − ci < 0, the structure becomes more brittle for smaller values of opening percentage, due to a367

higher initial stiffness.368

For the fracture energy parameter x2, Figure 15a indicates that the analysed variations can lead to369

an increased damage of up to 3 levels, with the structure becoming less vulnerable as the fracture370

energy of the masonry increases (negative coefficient, see Fig. 8a). Figure 15b shows that in this case371

the governing effect of the influence on the damage progression rate is even more visible than for the372

amount of openings. Furthermore, the positive value of di−ci indicates that the structure becomes more373

ductile for higher values of fracture energy, i.e. the deflection ratio at which the maximum damage is374

reached becomes larger.375

From Figure 15a it can be seen that the interface normal stiffness representing the soil–structure in-376

teraction and the nonlinear behaviour of the masonry are the most important parameters governing the377

settlement-induced structural damage. For the adopted parameter variations, they can vary the final378

risk assessment by up to four damage levels. These values give an estimation of the impact of ne-379

glecting these two fundamental aspects of the structural response in the damage assessment. They also380

quantify reductions of limiting tensile strain values that could be implemented in the current empirical381

analytical procedure (LTSM) in order to include these effects. The relatively little effect of the Young’s382

modulus variation can be explained by the assumption of a smeared crack model with tension-softening383

behaviour for the masonry. The influence of a lower Young’s modulus is in fact negligible, if compared384

with the global stiffness reduction induced by the cracking.385

Among the characteristics evaluated through the 3D analysis, Figure 15a indicates the governing role386

of the connection with adjacent structures, which affects the lateral boundary conditions and the global387

stiffness of the building in relation to the applied settlement profile. The grouping parameter could388

induce a variation up to three levels in the final damage assessment.389

The damage function evaluates the alignment of the building with respect to the tunnel axis as the390

second most important parameter of the 3D study, while the aspect ratio between the horizontal building391

dimensions has a very marginal role. However, the orientation and alignment parameters, referring392

both to the direction of the most vulnerable structural elements with respect to the governing settlement393

profile, are closely interacting. Given the proposed modelling approach and vulnerability framework,394
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the numerical analyses could be extended to a more exhaustive investigation of the relation between the395

two parameters, for example performing the alignment variation for different types of orientation.396

CONCLUSION397

This paper proposes a global formulation of the vulnerability of masonry buildings subjected to tunnelling-398

induced settlements, based on parametric numerical analyses. The construction and verification of the399

proposed vulnerability framework is based on the following methodological steps:400

1. Development and validation of 2D and 3D numerical models able to capture the response of401

masonry buildings to tunnelling;402

2. Sensitivity study, performed on the numerical models, to investigate the effect of the main factors403

governing the structural response and damage;404

3. Use of the parametric results to build a damage model based on polynomial and piecewise linear405

functions, which correlate the analysed factors with the building vulnerability;406

4. Verification of the damage model ability to predict the available numerical results.407

The main findings of the paper can be summarised as follows:408

• The polynomial function sets a linear dependency between the final response and the selected409

parameters, with coefficients representing the relative weight of each parameter. The piecewise410

function gives a further opportunity to interpret the effect of each parameter variation on the411

initiation and progression of damage.412

• The adopted normalisation of parameters has the main advantage of making possible a direct413

comparison between the selected parameter values and the consequent increase or decrease of the414

potential structural damage level (polynomial function) and the consequent increase or decrease415

of critical deflection ratios (piecewise linear function). This improves the accessibility of the416

obtained results.417

• By incorporating the results of the 2D and 3D parametric analyses, the damage model provides an418

overall evaluation of the principal factors governing the building response. The damage model419

outcomes have shown the major influence of the masonry cracking model, the soil–structure420

interface normal stiffness and the lateral building constraints.421
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• The proposed damage function makes possible a quantitative assessment of the damage risk422

variation as defined by the empirical analytical procedure currently used in practice. For example,423

in case of a masonry façade preliminary classified as subjected to moderate risk of damage,424

the presence of a large amount of windows can increase the damage category up to two levels,425

indicating the need for settlement mitigating measurements or building strengthening techniques.426

• The results in terms of parameter weights on the structural response can be used to refine the total427

strain limit values included in the LTSM, according to the building characteristics. The proposed428

model has therefore the potential to be developed as a decision and management tool for the429

assessment of the settlement-induced damage to buildings.430

• Due to its flexible formulation, the method might serve as a growing knowledge system, which431

would be improved by the inclusion of new input data, e.g. field measurements from actual432

projects and additional experimental and numerical results.433
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analysis of a masonry façade subject to tunnelling-induced settlement.” Engineering Structures, 45, 421–434.462

Giardina, G., van de Graaf, A., Hendriks, M. A. N., Rots, J. G., and Marini, A. (2013). “Numerical analysis of a463
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TABLE 1: Main features of the 2D and 3D finite element models used to perform the parametric study.

Model 2D semi-coupled 3D coupled
Scale Scaled True scale
Structure Masonry façade of a typical historic

Dutch house
Masonry building reproducing a typical
historic Dutch house

Settlement Fixed transversal settlement of increasing
amplitude

Propagating 3D settlement of fixed ampli-
tude

Variations Openings, material properties, building
weight, initial damage, normal and shear
behaviour of the soil–structure interface,
type of settlement profile

Aspect ratio of horizontal building di-
mensions, connection with adjacent struc-
tures, position and alignment of the build-
ing with respect to the excavation
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TABLE 2: Parameter variations of the 2D sensitivity study. The term ”rough” indicate a base interface
with a tangential stiffness of 0.7× 109N/m3. See Giardina (2013) for further details.

.

Openings Gf E ft kn Interf. shear Trough
behaviour

f x1 x2 x3 x4 x5 x6s x6t

(%) (N/m) (MPa) (MPa) (N/m3) (–) (–)
ref 30 10 3000 0.1 0.7× 109 smooth hogging

1 0 10 3000 0.1 0.7× 109 smooth hogging
2 10 10 3000 0.1 0.7× 109 smooth hogging
3 30 50 3000 0.1 0.7× 109 smooth hogging
4 30 1000 3000 0.1 0.7× 109 smooth hogging
5 30 10 1000 0.1 0.7× 109 smooth hogging
6 30 10 9000 0.1 0.7× 109 smooth hogging
7 30 10 3000 0.3 0.7× 109 smooth hogging
8 30 10 3000 0.9 0.7× 109 smooth hogging
9 30 10 3000 0.1 0.7× 107 smooth hogging

10 30 10 3000 0.1 0.7× 108 smooth hogging
11 30 10 3000 0.1 0.7× 109 rough hogging
12 30 10 3000 0.1 0.7× 109 smooth sagging
13 30 10 3000 0.1 0.7× 109 rough sagging
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TABLE 3: Parameter variations of the 3D sensitivity study.

f x7 x8 x9 x10

(–) (–) (–) (◦)
ref O2 G1 P2 0

1 O1 G1 P2 0
2 O3 G1 P2 0
3 O2 G2 P2 0
4 O2 G3 P2 0
5 O2 G1 P1 0
6 O2 G1 P3 0
7 O2 G1 P2 22.50
8 O2 G1 P2 45.00
9 O2 G1 P2 67.50

10 O2 G1 P2 90.00
11 O2 G1 P2 112.50
12 O2 G1 P2 135.00
13 O2 G1 P2 157.00
14 O2 G1 P2 180.00
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TABLE 4: Damage classification of masonry buildings as a function of the maximum crack width.

Damage Damage Crack
level class width

1 Negligible up to 0.1 mm
2 Very slight up to 1 mm
3 Slight up to 5 mm
4 Moderate 5 to 15 mm
5 Severe 15 to 25 mm
6 Very severe > 25 mm
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TABLE 5: Coefficients of the damage functions.

Coefficient Value Coefficient Value
a1 2.23 c0 2.21× 10−4

a2 −3.16 c1 −8.58× 10−4

a3 6.48× 10−2 c2 −6.38× 10−4

a4 −3.04 c3 −1.09× 10−4

a5 3.68 c4 −4.75× 10−4

a6 1.04 c5 −8.41× 10−4

a7 −8.00× 10−2 c6 −2.31× 10−4

a8 2.91 d0 6.35× 104

a9 6.42× 10−1 d1 −2.80× 103

a10 1.02 d2 1.48× 102

b1 1.91 d3 4.75× 104

b2 3.72× 103 d4 1.40× 102

b3 −1.29× 106 d5 −1.30× 102

b4 1.72× 108 d6 2.78× 104

b5 1.75
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(a) 0%, 10% and 30% (reference case) of openings. (b) sagging and hogging (reference case)
settlement profile.

FIG. 1: Variations of (a) amount of openings and (b) settlement profile.
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d

d

FIG. 2: Overview of the parameters that were varied in the 3D sensitivity study: orientation O, grouping
G, position P and alignment A.
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FIG. 3: Indicators of the applied deformation for the (a) 2D and (b) 3D analyses.
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(a) 0% (b) 10% (c) 30%

0
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FIG. 4: Maximum principal strain distribution and deformed configuration at 11.5 mm of applied
displacement, for different values of opening percentage x1: analyses 1, 2 and reference case (see Tab.
2).
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FIG. 5: Variation of opening percentage: numerical damage level (a) and ratio between numerical and
LTSM damage levels (in logarithmic scale) (b) as a function of the applied deflection ratio, according
to analyses 1, 2 and reference case (see Tab. 2).
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O1-G3-P1-A0 O2-G3-P1-A0 O3-G3-P1-A0

Smooth interface

Stage 9

Stage 20

FIG. 6: Crack strain distribution, deformed configuration and soil–structure interface normal stresses:
orientation variation for the G3-P1-A0 cases. In Stage 9 the tunnel boring machine passes the building.
In stage 20 the machine is fully passed.
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FIG. 7: Damage level as a function of the orientation variations.
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FIG. 8: Results of the 2D sensitivity study (see Tab. 2).
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FIG. 9: Results of the 3D sensitivity study (see Tab. 3).
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FIG. 12: Comparison between the observational data and the estimation given by the damage functions.
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FIG. 13: Comparison between the observational data and the estimation given by the damage functions.
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FIG. 14: Comparison between the observational data and the estimation given by the 3D damage
function.

40



1 2 3 4 5 6 7 8 9 10
−4

−3

−2

−1

0

1

2

3

4

Opening
percentage

Fracture energy

Young’s
modulus

Tensile strength

Interface
normal stiffness

Interface
shear stiff.
& position

Orientation

Grouping

Position

Alignment

Normalized parameter

C
oe

ffi
ci

en
t

ai, 2D
ai, 3D

(a)

0 1 2 3 4 5 6

−0.015

−0.01

−0.005

0

0.005

0.01

0.015

Opening
percentage

Fracture energy

Young’s
modulus

Tensile
strength

Interface
normal stiffness

Interface
shear stiffness

& position

Normalized parameter

C
oe

ffi
ci

en
t

ci, 2D
di - ci, 2D

(b)

FIG. 15: (a) Coefficients ai of the polynomial function, as an indication for a possible variation of
damage level. The value of each coefficient represents the weight of the corresponding parameter,
while the positive or negative sign indicates a positive or negative correlation between the parameter
value and the final damage. (b) Coefficients ci and di − ci of the piecewise function. ci indicates the
effect of each parameter on the deflection ratio at cracking onset, while di − ci measures the parameter
influence on the damage increase rate.
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