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The interaction mechanisms between surface structures and tunnelling-induced ground movements
were investigated through centrifuge testing. Although numerous studies have considered this
soil–structure interaction problem, previous experiments have neglected important building
characteristics and field data inherently contain numerous uncertainties related to the soil, the
structure and the tunnelling procedure. Consequently, the interpretation of results and validation of
computational models can be problematic. In this study, tunnelling beneath three-dimensional printed
structural models with varying building characteristics (i.e. position, length and facade openings)
was simulated in a centrifuge. The experimental results demonstrate that tunnelling induces soil
displacements at the surface and subsurface that are notably altered due to nearby structures.
Specifically, different amounts of vertical and horizontal ground movements, soil dilation andwidening
of settlement troughs were observed. Building distortions and horizontal building strains were also
affected by the relative position of the building to the tunnel, the building length and the area of facade
openings. The experimental results provide important data for the evaluation of current design methods
and verification of computational models.
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INTRODUCTION
Predicting building response to tunnelling-induced settle-
ment is essential for urban tunnelling projects, but remains a
challenge due to the complex soil–structure interaction.
In particular, finite-element analysis results have shown the
critical role played by the building stiffness (Potts &
Addenbrooke, 1997; Franzius et al., 2006; Goh & Mair,
2012) and the building weight (Franzius et al., 2004;
Giardina et al., 2015a). Parametric studies have enabled the
translation of such modelling results into empirical design
methods (Potts & Addenbrooke, 1997; Franzius et al., 2006;
Goh & Mair, 2012; Giardina et al., 2015a).
These so-called relative stiffness approaches, which relate

the building stiffness to the soil stiffness, compare the actual
settlements with the settlements in greenfield conditions,
where no buildings are present. For most cases, the greenfield
settlement profiles transverse to the tunnel are described by a
Gaussian curve (Peck, 1969; Schmidt, 1969). Typically, these
settlement profiles are predicted by making assumptions on
the tunnelling-induced ground loss and the width of the
settlement trough, which both depend on the tunnelling
method and the ground conditions. The potential soil–
structure interaction during the tunnelling procedure is then
considered using modification factors, which quantify the
alteration of greenfield displacements as a function of the
given relative building stiffness. Fig. 1 conceptually depicts
the modification of the vertical soil displacements above a
tunnel due to a nearby structure and defines the deflection

ratios (DRs) of the building settlement profile and the
greenfield equivalent. For structures spanning the point of
inflection, i, of the vertical settlement profile, it is commonly
assumed to separate a building into its hogging and sagging
region (Mair et al., 1996). Potts & Addenbrooke (1997)
quantified the soil–structure interaction in terms of modifi-
cation factors (M ) for the deflection ratio as

MDRsag ¼ DRsag;Str

DRsag;GF
ð1aÞ

MDRhog ¼ DRhog;Str

DRhog;GF
ð1bÞ

Modification factors for the horizontal strain were also
defined to estimate a potential change of the horizontal
greenfield ground strains due to a nearby structure (Potts &
Addenbrooke, 1997) as

Mεhc ¼ εhc;Str
εhc;GF

ð2aÞ

Mεht ¼ εht;Str
εht;GF

ð2bÞ

where εhc and εht are the compressive and tensile horizontal
strains of the structure (Str) or the greenfield equivalent (GF).
Although these relative building stiffness methods high-

light the soil–structure interaction effects, surface structures
are simplified as elastic beams and building characteristics
(e.g. facade openings or non-linear material behaviour) are
not considered. Consequently, uncertainty still exists about
the impact of building features on this interaction problem.
Furthermore, the extent to which horizontal ground strains
are transferred to buildings is still debated. As a consequence,
predictions based on these relative stiffness methods might
differ and, in certain scenarios, can lead to underestimation
of building risk to tunnel excavation (Camós et al., 2014).
The primary data for validating current design approaches

are provided by case studies of building performance to
tunnel excavation. However, field data are frequently affected
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by various sources of uncertainty, including the tunnelling
procedure, the ground conditions and the nature of the
existing buildings, and thus interpretation can be proble-
matic. Moreover, reported soil–structure interaction data are
frequently based on monitoring points located on the
building facade (e.g. Frischmann et al., 1994; Lu et al.,
2001; Viggiani & Standing, 2001; Bilotta et al., 2017) and
information about the soil behaviour below the structure is
scarce. Experimental laboratory studies can provide a
controlled environment to study the interaction between
existing surfaces structure and tunnel excavation. Specifically,
centrifuge models, which replicate prototype stress con-
ditions in the soil and the building model, have provided
useful data (Taylor & Grant, 1998; Caporaletti et al., 2006;
Farrell & Mair, 2010). However, these studies were limited by
relatively few building positions and rather simple building

models, which can result in uncertainty when assessing
building performance. For example, numerous researchers
have noted that ignoring facade openings can substantially
overestimate the building bending stiffness (e.g. Melis &
Rodriguez Ortiz, 2001; Son & Cording, 2007; Dimmock &
Mair, 2008; Goh & Mair, 2011).
The main aim of the work reported in this paper was to

gain better understanding of the influence of building
position and features on the tunnel–soil–building interaction
problem. Therefore, the effects of building location, length
and facade openings on the soil and building response were
experimentally investigated. Results from a series of centri-
fuge model tests involving realistic three-dimensional
(3D) printed building models exposed to a shallow tunnel
excavation in dry, dense sand are presented. After introdu-
cing the centrifuge modelling set-up, the differences between
greenfield soil displacements and ground movements modi-
fied by the building models are summarised. The effect of
varying building features on structural performance is then
measured by means of building deformation parameters
(i.e. deflection ratio and horizontal strain), and soil–structure
interaction effects are quantified in terms of modification
factors.

PHYSICAL MODELLING
Centrifuge experiments at an acceleration level, N, of 75

times the Earth’s gravity field, g, were performed. Fig. 2
provides the basic dimensions of the centrifuge model, which
replicates a 75 times larger tunnelling project with a
cover-to-tunnel diameter ratio, C/D, of 1·35. While the soil
conditions were kept constant, the building eccentricity, e, the
building length, L, and the area of facade openings,O, varied
between tests, as summarised in Fig. 3. The results of a
greenfield test performed by Farrell (2010), which replicated
the identical tunnelling prototype, are also presented in this
paper.
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Fig. 1. (a) Influence of soil–structure interaction on building distor-
tions. (b) Definition of the relative deflection ratios (DRs) for the
structure (Str) and the greenfield (GF) in sagging and hogging
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Fig. 2. Framework to assess building response to tunnelling (dimensions in mm). LVDT, linear variable differential transformer; PMMA,
poly(methyl methacrylate)
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A dry silica sand (Leighton Buzzard fraction E) with the
properties presented in Table 1 was used throughout the test
series. The sand was poured to an average relative density, ID,
of 90% (±3%) using a sand pouring robot (Madabhushi
et al., 2006).
The model tunnel consisted of a rigid brass cylinder and a

flexible latex membrane that was sealed to the end caps of the
brass cylinder using wire. The cavity between the latex
membrane and the brass cylinder was filled with water, and
tunnelling-induced volume loss was simulated by extracting
the water. This technique allows various volume losses to be
simulated within a single experiment. Numerous researches
have used this fluid-extraction approach (e.g. Loganathan
et al., 2000; Farrell & Mair, 2012; Marshall et al., 2012;
Franza & Marshall, 2016). During acceleration of the
centrifuge, the tunnel pressure was balanced with the vertical
soil stresses at the tunnel axis to minimise ground movements
surrounding the tunnel (Ritter et al., 2017).
A total of six building models were 3D printed on a

ZCorporation Zprinter350 using Visijet PXL Core powder
and Visijet PXL clear binder. Due to the 3D printing
technique, building details (facade openings, strip footings, a

rough foundation base and intermediate walls) were repro-
duced at a scale of 1:75, as shown in Fig. 4. In every print job,
model beam specimens were printed and subsequently tested
in four-point bending. Table 2 summarises the derived 3D
printed material properties of the building models. A
comparison with typical properties of masonry (Giardina
et al., 2015b) indicated that the 3D printed material had a
lower density than masonry, a Young’s modulus comparable
to that of historic masonry and higher flexural strength and
ultimate strain. Accordingly, the building cross-sections were
adjusted to obtain global bending stiffness, EI, and axial
stiffness, EA, values frequently reported in case studies (e.g.

Test A Test B

Test C Test D

Test E Test F

Fig. 3. Centrifuge test series with varying building length L, building position e and facade openings O: test A, e/L=0, L/H=2·2, O=20%; test
B, e/L=0·8, L/H=2·2, O=20%; test C, e/L=0·5, L/H=2·2, O=20%; test D, e/L=0·8, L/H=2·2, O=40%; test E, e/L=0·5, L/H=2·9,
O=20%; test F, e/L=0·5, L/H=2·9, O=40%

Table 1. Physical properties of Leighton Buzzard fraction E silica
sand (Haigh & Madabhushi, 2002)

Property Value

D10 grain size: mm 0·095
D50 grain size: mm 0·14
D60 grain size: mm 0·15
Minimum voids ratio, emin 0·613
Maximum voids ratio, emax 1·014
Specific gravity, Gs 2·67
Critical state friction angle, ϕcrit: degrees 32
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0
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Fig. 4. 3D printed building model (dimensions in mm). DIC, digital
image correlation
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Mair & Taylor, 2001; Dimmock & Mair, 2008; Farrell et al.,
2012). Table 3 summarises the building configurations, the
building stiffness values in model and prototype scale (which
were obtained following Farrell et al. (2012)) and the
important dimensionless groups of this soil–structure inter-
action problem. A reduction of the global building bending
stiffness due to facade openings was considered by applying
the reduction factors proposed by Melis & Rodriguez Ortiz
(2001) to the EI values for the walls while the EA values
ignore facade openings. As can be seen in Fig. 4(a), dead load
bars were placed on top of the building models to obtain a
constant bearing pressure of 100 kPa beneath the footings
transverse to the tunnel.

The structural model was placed on top of the sand model
before centrifuge acceleration. Subsequently, the tunnel
excavation was performed. Throughout the experiments,
images were captured with three digital cameras positioned
in front of the poly(methyl methacrylate) (PMMA) window.
These images were used to derive displacements of the
ground and building model by applying digital image
correlation (DIC) using the software GeoPIV (White et al.,
2003). Further instrumentation in the form of linear variable
differential transformers (LVDTs) and laser displacements
sensors enabled evaluation of the image-based measurements
and quantification of the boundary effects between the
PMMA window and the soil. Further details about the
experimental set-up and modelling effects are reported
elsewhere (Ritter et al., 2017).

SOIL RESPONSE
The presence of surface structures alters settlement profiles

associated with the tunnelling procedure. However, there is

a lack of data quantifying the tunnelling-induced soil
movements beneath adjacent buildings. Thus, alteration of
the soil response is first explored.

Building geometry effects on vertical soil response
Vertical soil surface displacements. Surface settlement pro-
files at a tunnel volume loss (Vl,t) of 2·0% are given in Fig. 5.
The entire set of tests modified the settlement troughs. The
structure in test A, which was placed symmetric to the tunnel,
substantially reduced the vertical ground movements above
the tunnel compared with the greenfield equivalent. A slight
reduction in vertical ground settlements above the tunnel was
also observed in test B. In contrast, the structure with a
building end located above the tunnel (test C) caused
substantially greater vertical soil displacements in the same
area. This localised effect for a tunnel excavated underneath a
building end was also observed by Liu et al. (2001) and
Bilotta et al. (2017). Contrary to structure A, structures B
and C increased the vertical soil displacements beneath the
centre of the building, which was away from the tunnel
centre-line.
Figure 5(b) shows that an increase in the amount of

openings from 20% to 40% of the area of the building facade
slightly reduced the modification of the greenfield soil
movements underneath the centre of structures D and F.
This is likely caused by the greater opening percentage,
which increased flexibility. Structure F also caused substan-
tially greater soil settlements beneath the left-hand building
edge, demonstrating that higher flexibility in the hogging
region caused increased embedment above the tunnel. By
contrast, for structure E, which had 20% openings but was
otherwise similar to test F, the reduced curvature of the
vertical soil settlement profile beneath the building indicates
a less flexible response, which then decreased embedment
above the tunnel (Fig. 5(b)). These findings confirm that the
amount of window area changes a building’s flexibility, which
then affects soil displacement. Fig. 5(b) also indicates that the
building length directly affected the modification of the
vertical surface soil displacements.

Ground loss. Empirical methods to estimate ground move-
ments caused by the tunnelling process are generally based
on assumptions about the induced ground loss. In granular
soils, shearing causes volume changes of the soil above the
tunnel and, for greenfield conditions, the volumes of the
settlement troughs vary with depth (Hansmire & Cording,
1985; Marshall et al., 2012). For shallow tunnels in dense
sand, Marshall et al. (2012) reported substantial dilation of
the soil body above the tunnel, which reduced the volume of
the soil settlement trough, Vl,s, compared with the tunnel
volume loss, Vl,t.

Table 2. Material properties of the used 3D printed material; the
masonry properties are according to Giardina et al. (2015b)

Density,
ρ: kg/m3

Flexural
strength,
ft: MPa

Young’s
modulus,
E: MPa

Ultimate
strain to
failure,
εult: %

Test A 1293 1·362 893·1 0·298
Test B 1278 1·311 800·6 0·357
Test C 1261 1·130 727·4 0·282
Test D 1272 0·934 516·0 0·352
Test E 1280 1·139 689·9 0·309
Test F 1247 1·702 1039·2 0·246
Mean 1272 1·263 777·7 0·307
Masonry* 1900 0·1–0·9 1000–9000 0·05†

*According to Giardina et al. (2015a, 2015b).
†Strain at onset of cracking for brick walls (Burland &Wroth, 1974).

Table 3. Details of the test series

Test Model scale Prototype scale* Dimensionless
groups

e: mm L: mm H: mm O: % EAm:
kN/m

EIm:
kNm2/m

EAp:
kN/m

EIp:
kNm2/m

e/L L/H

A 0 200 90 20 7·5� 103 4·0 5·3� 105 1·5� 106 0 2·2
B 160 200 90 20 6·7� 103 3·6 4·8� 105 1·3� 106 0·8 2·2
C 100 200 90 20 6·1� 103 3·3 4·3� 105 1·2� 106 0·5 2·2
D 160 200 90 40 4·3� 103 1·1 3·1� 105 4·0� 105 0·8 2·2
E 130 260 90 20 5·8� 103 3·1 4·1� 105 1·1� 106 0·5 2·9
F 130 260 90 40 8·7� 103 2·2 6·2� 105 8·1� 105 0·5 2·9

*The used scale factor (i.e. N=71·6) was obtained at mid-height of building models.
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Figure 6 was obtained by numerical integration of the
vertical soil displacement profiles and indicates the building
effects on Vl,s. At the soil surface (Figs 6(a) and 6(b)) and
at half the tunnel depth (z/zt¼ 0·5) (Fig. 6(c)), an overall
dilative behaviour was observed. Particularly, as Vl,t
increased, the rate of increase of Vl,s decreased.
Figure 6(a) shows that the building position influenced the

ground loss. While the values of Vl,s below buildings placed
eccentric to the tunnel (tests B and C) were in good
agreement with the greenfield Vl,s, an identical building
model positioned at zero eccentricity (test A) resulted in a
notably lower value of Vl,s above Vl,t¼ 1·5% (Fig. 6(a)). For
long buildings (tests E and F), the surface ground loss was
greater than for the greenfield case (Fig. 6(b)). An increase in
openings from 20% to 40% showed a minor influence on Vl,s.
In contrast, at the subsurface, all the building models lowered
Vl,s similarly when compared with the greenfield values
(Fig. 6(c)).
The effect of building weight contributes to ground loss

results. As reported by Franzius et al. (2004), a building
surcharge increases the mean effective stresses in the soil
body, which then leads to greater soil stiffness and strength.
Consequently, the ground movements surrounding a tunnel
reduce, as is evident in Fig. 7. This lower magnitude of soil
displacements above the tunnel crown explains the lower
value of Vl,s at half the tunnel depth (z/zt¼ 0·5) shown in

Fig. 6(c). The pivotal role of the building weight in this soil–
structure interaction problem was also pointed out by
Giardina et al. (2015a) and Bilotta et al. (2017).
The volumetric soil behaviour above the tunnel was further

clarified by the observed engineering shear strains and
volumetric strains (Figs 8 and 9). Fig. 8(a) shows that
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Fig. 5. Building effects on vertical surface soil displacements at a
tunnel volume loss of 2·0%: (a) effect of building eccentricity (constant
L and O); (b) effect of building length and facade openings
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Fig. 6. Soil volume loss, Vl,s, plotted against tunnel volume loss, Vl,t:
(a) effect of building eccentricity (constant L and O); (b) effect of
building length and facade openings; (c) subsurface soil volume loss at
z/zt = 0·5
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building load reduced the amount of shear strains compared
with the greenfield scenario, and the soil beneath the building
of test A showed less dilation (negative εvol in Fig. 9(a)).

The influence of surface structures on soil shear strains
was confirmed by the asymmetric shear strain contours
monitored for buildings placed asymmetric to the tunnel
(Fig. 8(b)). The building seems to have a negligible effect on
the shear strains above the left-hand tunnel shoulder,

showing shear strains similar to the greenfield case shown
in Fig. 8(a). However, the structure reduced the shear strains
above the right-hand tunnel shoulder, as shown in Fig. 8(b).
A considerable amount of volumetric contraction was
measured beneath the building (Fig. 9(b)), which confirms
the increase in Vl,s at z/zt¼ 0 for tests E and F.
Although the building load, position and length clearly

influenced the volumetric behaviour of the soil, and thus the
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tunnelling-induced ground loss, all tests showed rather
similar values of Vl,s for practical volume loss (i.e.
Vl,s, 1·5%).

Settlement trough width. The settlement trough width
is widely used as an input parameter when empirically
predicting tunnelling-induced ground movements. Therefore,
the influence of building features on the width of vertical
settlement profiles was explored.
Modified Gaussian curves were fitted to the vertical soil

displacements because their additional degree of freedom
provides a better fit to settlement profiles in drained soil than
Gaussian curves (Vorster, 2002; Marshall et al., 2012).
For structures located at an offset from the tunnel (i.e. tests
B to F), asymmetric settlement troughs were obtained
(Fig. 5) and thus the curve fitting was carried out for the
right-hand side only.
To quantify the trough width of the modified Gaussian

curves, the framework proposed byMarshall et al. (2012) was
adopted. Therefore, the trough width parameter, K*, for
modified Gaussian curves was calculated, which is similar to
estimating the more traditional trough width, K, for
Gaussian curves. To estimate K*, the parameter x*, which
is the offset from the tunnel centre-line where vertical surface
soil displacement Sv¼ 0·606Sv,max, was first determined.
This parameter (x*) is similar to the inflection point, i, of
a Gaussian curve because Sv(i)¼ 0·606Sv,max. K* was
subsequently obtained for different soil depths by dividing
x* by the depth to the tunnel axis (i.e. zt� z).
Figure 10(a) shows the effect of different building positions

on the surface trough width parameter, Ks*. For all the tests,
the buildings widened the transverse surface soil settlement
troughs beneath them. Buildings placed closer to the tunnel
(test A) caused the greatest Ks* values, while the trough width
became narrower as e/L increased.
Figure 10(b) shows the relationships between building

length, area of facade openings and Ks
*. For the shorter

buildings (L/H¼ 2·2), an increase in openings from 20% to
40% had little effect on Ks*. However, for the longer buildings
(L/H¼ 2·9), doubling the window area significantly nar-
rowed the settlement trough. In this case, the increased
flexibility caused the settlement profile to deviate less from
the greenfield equivalent. A similar effect was not observed
for the shorter structure (L/H¼ 2·2) because test D per-
formed rather rigidly despite having an openings area of
40%. Clearly, and as expected, the building position, length
and area of openings need to be considered in combination.
The observed widening of the settlement profiles due to
an adjacent structure is consistent with field data
(e.g. Frischmann et al., 1994; Lu et al., 2001; Viggiani &
Standing, 2001), although these investigations were based on
facade monitoring points.
Although x* and K* provide a valuable approach to

investigate the settlement trough width, these parameters are
less suitable to estimate hogging and sagging modes of
displacement profiles, which are defined by the inflection
point of the associated settlement trough. The partitioning
between hogging and sagging is particularly important for
building damage assessment, for which Mair et al. (1996)
proposed to separate buildings at the inflection point.
Therefore, Fig. 11 provides the variation of the inflection
point, imG,s, of the modified Gaussian curves fitted to the
surface soil settlements. As expected, the data in Fig. 11
indicate similar trough width trends as Fig. 10, but the figure
emphasises the fact that the soil–structure interaction has a
significant impact on the greenfield inflection point. This
outcome implies that treating a building separately either side
of the assumed greenfield inflection point might result in

substantial uncertainty when predicting building perform-
ance to tunnelling subsidence.

Building geometry effects on horizontal soil response
The focus of the paper thus far has been the vertical soil

response, but the effect of buildings on horizontal ground
movements is also important for the assessment of both
surface and subsurface structures.

Horizontal soil surface displacements. Figure 12 presents
the horizontal surface ground movements that complement
the vertical ground movement profiles given in Fig. 5. In
all the tests, the building models substantially restricted the
horizontal ground movements beneath them. Fig. 12(a)
indicates that the building-to-tunnel position had only a
minor influence on the restraining effect of the buildings on
the horizontal soil movements. Likewise, Fig. 12(b) shows
that this restraint was also observed for buildings with
different lengths and facade openings. It follows that the
analysed building variations had a relatively small effect on
the axial building stiffness and shear failure was not observed
at the soil–structure interface.
The horizontal ground movements beyond the edge of the

surface structures were also affected by the presence of the
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Fig. 10. Surface trough width parameter, Ks
*, plotted against tunnel

volume loss,Vl,t: (a) effect of building eccentricity (constant L andO);
(b) effect of building length and facade openings. † Mair & Taylor
(1997)
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buildings. In Fig. 12(b) this is particularly evident to the left
of the structures B and D, until the greenfield displacements
were again restored at a horizontal distance of approximately
30 mm from the left-hand building edge. Similar findings for
building effects on horizontal ground movements were
reported by Potts & Addenbrooke (1997).

Horizontal soil subsurface displacements. Figure 13 shows
the horizontal soil displacement with depth at an offset from
the tunnel centre-line of x=70 mm. For all the soil–structure
interaction tests, buildings were present at that x position.
Close to the soil surface, the restraining effect of the soil–
structure interaction is clearly visible in Fig. 13. However, at
a soil depth between z/zt values of 0·13 and 0·26, the
horizontal ground movements were in fair agreement with
the greenfield displacements (Standing, 2001; Farrell, 2010).
These findings are the results of the rough soil–structure
interface and indicate that the restraining effect of the
building on the horizontal soil movements is a rather
shallow mechanism; slippage between the foundation and
the soil surface was not observed. At z/zt. 0·26, the slightly
lower horizontal ground displacements measured in the soil–
structure tests compared with the greenfield case can be
attributed to the greater soil stiffness, as mentioned earlier.

The variation of horizontal soil displacements with depth
was unaffected by the differing building features.

BUILDING RESPONSE
Having discussed the impact of buildings on

tunnelling-induced settlements, this section describes the
building performance using widely accepted building defor-
mation parameters, namely the deflection ratio and horizon-
tal strain. The soil–structure interaction effects are quantified
in terms of modification factors.

Effects of building geometry on deflection ratio
Figure 14 shows the variation of the deflection ratios with

volume loss in sagging and hogging. The building subdivi-
sion into hogging and sagging was carried out using the
inflection point associated with the modified Gaussian
curves fitted to the vertical surface soil displacement profiles
(Fig. 11). To reduce the GeoPIV measurement noise, the
vertical displacements at the base of the surface structures
were smoothed by fifth-order polynomials. This curve-fitting
approach provided a significantly better fit than the modified
Gaussian curves, which tended to overestimate the building
deflections. Subsequently, for structures spanning the
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Fig. 11. Inflection points of the modified Gaussian curves fitted to
surface soil settlements: (a) effect of building eccentricity (constant L
and O); (b) effect of building length and facade openings
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Fig. 12. Effect of soil–structure interaction on horizontal surface soil
displacements at tunnel volume loss of 2·0%: (a) effect of building
eccentricity (constant L and O); (b) effect of building length and
facade openings
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hogging/sagging transition zone, the deflection ratios were
estimated individually for both the hogging and sagging
mode. The observed scatter in DRsag for tests C, E and F was
caused by small sagging regions and small measurements of
building distortion.
The adopted hogging/sagging subdivision implies that

the building-to-tunnel position plays a key role, which can
also be observed in Fig. 14. The building placed at zero
eccentricity (test A) caused a positive deflection ratio (DRsag)
while an equal building positioned at e/L¼ 0·8 (test B)
showed a hogging mode of deflection (DRhog) and is thus
likely to be at greater risk of building damage (Mair et al.,
1996). On the other hand, test C, in which the building was
spanning the hogging/sagging region, showed a hogging and
sagging response and caused an even greater DRhog than that
in test B. This indicates that structures positioned in the
hogging/sagging transition zone of the tunnelling-induced
settlement trough are potentially more vulnerable to building
damage.
As the building length and the facade opening percentage

increased, greater deflection ratios were measured (Fig. 14).
This is particularly evident for the hogging mode of
deflection and can be explained by a more flexible building
response. For test D, the increase in window area nearly
doubled the DRhog value of test B, in which the building
was of identical length and eccentricity. Likewise, DRhog

substantially increased for the long structure with an open-
ings area of 40% (test F) compared with the equally long
structure with 20% openings (test E).
With respect to the building length, the magnitude of

DRhog nearly doubled when the building length increased
from L/H¼ 2·2 to L/H¼ 2·9. This can be clearly seen when
comparing the DRhog trends of test E to tests B and C in
Fig. 14. Specifically, the comparison between tests D and F
highlights the effect of the building length on DRhog.
In Fig. 15, the data from Fig. 14 are compared with the

associated greenfield deflection ratios, which were obtained
by using the greenfield soil settlement profiles and taking the
corresponding building-to-tunnel position into account. The
obtained modification factors for the deflection ratio in
sagging, MDRsag, and hogging, MDRhog, were generally below
unity. This indicates that the building deflections were lower
than the greenfield equivalent.
The modification factors vary with building features.

While minor differences were obtained for MDRsag, the
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(constant L and O); (b) effect of building length and facade openings
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different building characteristics substantially alteredMDRhog.
Interestingly, a change in building position from e/L¼ 0·8
(test B) to e/L¼ 0·5 (test C) did not affect MDRhog (Fig. 15).
Conversely, an increase in the building length and facade
openings caused greater values ofMDRhog and, for the long
structure of test F with 40% of facade openings, hogging
deflections similar to the greenfield case were observed
(i.e. MDRhog¼ 1). Notably, these high MDRhog values for test
F occurred at tunnel volume losses below 1·0%. The
remaining tests showed building distortions lower than
about 65% of the greenfield values for the entire range of
tunnel volume loss studied.

Effects of building geometry on horizontal strain
Horizontal building strains were determined from the

slope of a linear curve fitted to the horizontal displacements
of the sagging and hogging regions of the building. The
horizontal displacements were obtained close to the base of
the building and the hogging/sagging partitioning was again
based on imG,s. Fig. 16 shows the obtained horizontal strains
in compression, εhc, and tension, εht. In particular, it can be
seen that εhc was affected by small sagging regions that
caused substantial scatter when deriving εhc.

The data in Fig. 16 show only compressive strains for
structures C and E. It is likely that this result is related to a
rigid-body rotation of the building towards the tunnel, which
then caused an embedment of the left-hand building corner
(Fig. 5). Consequently, the horizontal movement of the
structure was substantially constrained above the tunnel and
compressive horizontal strains were measured. For test A,
which was predominantly placed in the sagging zone,
compressive strains were derived while an identical building
placed at e/L¼ 0·8 (test B) showed tensile strains. Slightly
greater tensile strains were monitored for the building of test D,
which had the same length and location as the structure in
test B but 40% of openings. The greatest tensile strains were,
however, measured for test F, which is identical to the DRhog
results. The increase in building length and facade openings
caused substantially greater horizontal building tensile
strains. Nevertheless, the obtained horizontal building
strains were in ‘category 0’ (negligible) when adopting the

damage category chart defined by Burland (1995) and strains
caused by the building deflection are neglected.
Figure 17 shows the modification factors for the horizontal

strain in compression Mεhc and tension Mεht. In all the tests,
the compressive strains were generally below 10% of the
corresponding average horizontal greenfield strains, which
were obtained following Mair et al. (1996). The greater
values at a Vl,t value of about 0·5% are most likely due to
noise in the GeoPIV data. In tension, considerably greater
modification factors were observed for test F, with average
horizontal building tensile strains of about 40% compared
with the greenfield case. The results of test F were followed by
test D, which indicates that buildings with a larger window
area might be more susceptible to horizontal tensile strains.

CONCLUSIONS
Experimental data of a centrifuge test series on building

response to a shallow tunnel excavation in dry, dense sand
have been presented. Building characteristics (e.g. a rough
soil–structure interface, strip footings, intermediate walls and
facade openings) were replicated by 3D prints of building
models. The following conclusions can be drawn from the
experimental results.

• Vertical soil surface displacements exceeding the
greenfield values were observed when the tunnel
excavation passed directly underneath a building corner.
Similar results were reported by Liu et al. (2001) and
Bilotta et al. (2017). This phenomenon reduced for the
stiffer longer building tested.

• A structure in close proximity to the tunnel excavation
changed the volumetric behaviour of the soil above the
tunnel and the tunnelling-induced displacement field.
Similar building weight effects were also identified
previously (Franzius et al., 2004; Giardina et al., 2015a,
2015b; Bilotta et al., 2017). Consequently, the observed
surface and subsurface volume losses were affected by
nearby structures. Long structures caused volumetric soil
contraction beneath them and the surface volume loss
values were greater than those of the greenfield case.
Structures placed symmetrically to the tunnel reduced the
surface volume loss while the area of facade openings
showed only a minor influence.
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• The presence of buildings widened the vertical soil
settlement trough compared with the greenfield case. The
widest trough was obtained for a structure with zero
eccentricity and the trough became narrower as the
distance between the building and the tunnel increased.
An increase in flexibility of the building, caused by a
greater building length and/or a greater area of facade
openings, reduced this widening effect. Field data of
building displacement profiles above tunnels confirm
these findings (Frischmann et al., 1994; Lu et al., 2001;
Viggiani & Standing, 2001).

• The absolute and differential horizontal ground
displacements just beneath the surface structures were
significantly restrained by the buildings. However, the
horizontal greenfield soil movements were recovered at
a soil depth between z/zt = 0·13 and 0·26, which is in fair
agreement with the findings of Standing (2001) and
Farrell (2010). Changes in the relative position of the
building to the tunnel, the building length and the facade
openings had little effect on the reduction of horizontal
ground movements.

• Building stiffness plays a key role in the building’s
response to tunnel excavation and predictions based
on greenfield assumptions are, in general, overly
conservative. However, the centrifuge experiments
showed that the building-to-tunnel position, the building
length and the amount of facade openings are also
important factors. In the sagging region, the measured
building distortions were below 40% of the greenfield
equivalent. The building characteristics had a minor
influence on the sagging deflections. However, in hogging,
significantly greater building distortions were observed
with increases in building length and the percentage of
facade openings. For a tunnel passing beneath the
building corner of a long flexible structure with 40%
openings, building deflections equal to the greenfield case
were obtained, even at tunnel volume losses below 1·0%.

• Structures located in the hogging and sagging regions of
the tunnelling-induced settlement profile were more
vulnerable (in terms of the deflection ratio) than
buildings of identical length positioned entirely in sagging
or hogging.

• For most of the investigated cases, the horizontal strains
induced in the structures were negligible, as has been
observed in the field (Mair, 2013) and in previous
centrifuge experiments (Farrell & Mair, 2012). However,
for structures with a considerable area of openings,
average horizontal building strains of up to 40% of the
greenfield equivalent were measured. This indicates that
horizontal strains, although considerably less than those
predicted using greenfield conditions, might be
appreciable in flexible structures.

The centrifuge modelling carried out enabled these new
insights into the mechanism of tunnelling-induced ground
displacements on surface structures. A limitation of this work
is that the 3D effects of tunnel advancement, which might
cause an adverse torsional response of the building, were not
studied. The obtained data also provide important new
information with which to evaluate the currently available
design procedures that are based on relative stiffness
expressions. In addition, the results of this study provide
useful benchmark data for computational modelling.
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NOTATION
B building width
C cover
D tunnel diameter

DR deflection ratio
E Young’s modulus

EA axial stiffness
EI bending stiffness
e building eccentricity

emax maximum voids ratio
emin minimum voids ratio

ft flexural strength
Gs specific gravity
g Earth’s gravity field
H building height
ID relative density
i point of inflection
K trough width

K* trough width parameter
K s* surface trough width parameter
L building length
M modification factor
O facade openings
Sh horizontal soil displacement
Sv vertical soil displacement
Vl,s volume of soil settlement trough
Vl,t tunnel volume loss
z depth
zt tunnel depth
εhc compressive horizontal strain of the structure
εht tensile horizontal strain of the structure
εult ultimate strain to failure
ρ density

ϕcrit critical state friction angle
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