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The effect of surface structures on soil deformations 
due to tunnelling in sand

Stefan Ritter*, Matthew J. DeJong*, Giorgia Giardina**, Robert J. Mair*

Summary
In urban tunnelling projects, surface buildings interact with tunnelling-induced ground movements. Understanding this inter-

action aids when predicting the behaviour of buildings above tunnelling works. However, much uncertainty still exists about the 
impact of structures on tunnelling subsidence and thus current design practice is widely based on empirical methods that neglect this 
soil-structure interaction. To refine current modelling assumptions and reduce uncertainty, more detailed knowledge of the influence 
of buildings on tunnelling-induced ground displacements is needed.

This paper presents results from an experimental investigation that seeks to provide a more thorough understanding of this 
soil-structure interaction problem using more realistic surface structures. In particular, it focuses on the effect of surface structures 
on the ground surface and subsurface soil displacements. Three centrifuge tests with building models placed in different regions of 
the tunnelling-induced settlement trough were compared to a greenfield case. The ground model consisted of a dense, dry sand and 
the building was 3D printed. Results showed how the structure alters the vertical and horizontal soil displacements associated with 
tunnel excavation. Soil deformation mechanisms were notably influenced by the position of the building model relative to the tunnel, 
causing different magnitudes of vertical and horizontal ground movements above and next to the tunnel, widening of the surface and 
subsurface settlement troughs and localised failure beneath building corners.

Introduction

Buildings above tunnel excavation are subject to 
ground movements that may induce unacceptable 
building damage. For greenfield tunnelling, where 
no buildings are present, there is a good understand-
ing of the associated ground displacements. Nearby 
structures, however, interact with tunnelling-induced 
ground displacements and thus add complexity. 
Much uncertainty still exists on the impact of sur-
face structures on ground displacements caused by 
underground excavation. As a result, significant var-
iability between different methods of assessing the 
effect of tunnelling works on the built environment 
are frequently reported (e.g. MAIR, 2013; CAMOS et al., 
2014).

Ground movements associated with tunnelling 
works are most commonly predicted using empiri-
cal methods [MAIR and TAYLOR, 1997]. Typically, set-
tlements transverse to the tunnel are described by 
a Gaussian curve [SCHMIDT, 1969; PECK 1969]. Ap-
plying this method requires empirical assumptions 

about the magnitude of ground loss (Vl,s) and the 
width of the settlement profile, which is frequently 
characterised by the trough width parameter (K). 
For tunnels in drained conditions (i.e. sand and grav-
el), various authors [CELESTINO et al., 2000; JACOBSZ, 
2002; VORSTER, 2005] noted considerable differenc-
es in observed settlements compared to the assumed 
Gaussian distribution. This can be explained by the 
chimney-like deformation mechanism frequently 
observed in drained soil conditions, which becomes 
prevailing when tunnelling-induced deformations 
increase [MARSHALL et al., 2012]. VORSTER [2005] and 
MARSHALL et al. [2012] showed that modified Gaussi-
an curves provide a better fit to transverse settlement 
troughs above tunnels in dense sand. 

A significant limitation of this empirical meth-
od, as described above, is that it neglects any inter-
action between ground movements associated with 
tunnelling and the built environment. On the con-
trary, field data (e.g. BRETH and CHAMBOSSE, 1974; 
FRISCHMANN et al., 1994; VIGGIANI and STANDING, 2001; 
FARRELL et al. 2011), numerical studies [POTTS and 
ADDENBROOKE, 1997; MELIS and RODRIGUEZ ORTIZ, 
2001; FrANZIUs et al., 2006; SON and CORDING, 2007; 
GOH and MAIR, 2011; AMOROSI et al., 2014; GIARDINA 
et al., 2015a] and experimental investigations [TAY-
LOR and GRANT, 1998; TAYLOR and YIP, 2001; CAPORA-
LETTI et al., 2005; FARRELL and MAIR, 2010, 2011; SHA-
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HIN et al., 2011; AL-HEIB et al., 2013] showed that sur-
face structures notably affect the ground movements 
beneath them. A quantification of the variation of 
the main input parameters of the empirical method 
caused by nearby buildings is, however, still lacking, 
and can lead to uncertainty when assessing tunnel-
ling-induced subsidence in the urban environment.

Centrifuge model testing demonstrated sig-
nificant potential to simulate realistic ground dis-
placements above tunnels (e.g. POTTS, 1976; MAIR, 
1979; GRANT and TAYLOR, 2000; MARSHALL et al., 
2012) through replicating prototype self-weight 
stresses in the soil model. Previous centrifuge mod-
elling studies on the building response to tunnel-
ling-induced settlements are informative [TAYLOR 
and GRANT, 1998; TAYLOR and YIP, 2001; CAPORALET-
TI et al., 2005; FARRELL and MAIR, 2010; FARRELL and 
MAIR, 2010; 2011], but employ rather simple build-
ing models. Furthermore, initial centrifuge mod-
elling studies on the effect of surfaces structures 
on tunnelling-induced ground movements [TAY-
LOR and GRANT, 1998; TAYLOR and YIP, 2001; CAPO-
RALETTI et al., 2005] were limited by the precision of 
the employed image-based deformation measure-
ment techniques. As a consequence, the reported 
conclusions, including the impact of the building 
stiffness [TAYLOR and GRANT, 1998; TAYLOR and YIP, 
2001; CAPORALETTI et al., 2005], the building weight 
[TAYLOR and YIP, 2001] and the building eccentrici-
ty relative to the tunnel centreline [TAYLOR and YIP, 
2001] on the tunnelling-induced ground displace-
ments, were derived at unrealistically high tunnel 
volume loss (e.g. 10% in TAYLOR and YIP, 2001). Re-
cent research on simplified model structures (al-
uminium, micro-concrete and masonry beams) 
above tunnels in sand [FARRELL, 2010] identified a 
loss of contact between a rigid structure with zero 
eccentricity and the soil [FARRELL and MAIR, 2010, 
2011], a significant reduction of the horizontal dis-
placements transferred to the building [FARRELL 
and MAIR, 2010; 2011] and the depth of constraint 
of horizontal soil displacements beneath structures 
[FARRELL and MAIR, 2010]. These recent findings 
were made at more realistic tunnel volume losses. 
So far, however, the impact of more representative 
building models, with, for example, realistic foun-
dations, partition walls and façade openings on soil 
displacements caused by tunnelling works has not 
been investigated.

The objective of this paper is to better under-
stand the effect of representative buildings on tunnel-
ling-induced ground displacements. Results of a se-
ries of centrifuge tests resembling the interaction be-
tween complex surface structures and ground move-
ments associated with tunnelling work in dense sand 
are presented. The building models, which consider 
building characteristics such as the building layout, 
façade openings, shallow strip foundations and par-

tition walls, were 3D printed and positioned in three 
different locations with respect to the tunnel centre-
line. As reference condition, a greenfield test per-
formed by FARRELL [2010] is presented. The effect of 
the building on the tunnelling-induced ground dis-
placements is quantified, including an evaluation of 
the ground loss, the maximum surface settlements 
above the tunnel centreline and the shape of sur-
face and subsurface settlement profiles. Additional-
ly, the constraint of ground displacements provided 
by surface structures, and the related development 
of shear strains in the soil above the tunnel, are dis-
cussed.

Testing Program

Four centrifuge tests are reported ( Fig.1). Tests 
A, B and C represent the new soil-structure interac-
tion tests, while GF labels a greenfield test previous-
ly performed by FARRELL [2010]. A cover-to-diameter 
ratio (C/D) of 1.35 with a model tunnel diameter (D) 
of 82 mm was employed for each test. The soil-struc-
ture interaction tests differ in the location of the 
building model relative to the tunnel axis, but the 
characteristics of the building model (i.e. magnitude 
of façade openings, building dimensions and stress 
in the building-soil interface) remained constant.  
Table I summarises the main features of the building 
model and specifies the position of the structures in 
terms of eccentricity (e) relative to the tunnel centre-
line  (Fig. 1).

Fig. 1 – Centrifuge tests.
Fig. 1 – Test in centrifuga.

Test Eccentricity (mm) Openings (%)

A 0 20

B 160 20

C 100 20

Tab. I – Soil-structure interaction tests.
Tab. I – Test di interazione terreno-struttura.
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Testing Setup

This section describes the main experimental 
features, including the soil model, the schematic 
simulation of the tunnel excavation, the structure 
models and the image-based monitoring technique. 
Further details on the experimental procedure of 
the performed centrifuge modelling research can 
be found in RITTER et al. [2016c].

The soil model consisted of dry Leighton Buz-
zard Fraction E sand poured to a relative density 
of 90% (±3%). The main characteristic of this fine 
silica sand are a specific gravity (Gs) of 2.65, mini-
mum (emin) and maximum (emax) void ratios of 0.61 
and 1.01, a mean grain size (D50) of 0.14 mm and a 
critical state friction angle (crit) of 32° [HAIGH and 
MADABHUSHI, 2002]. Advanced material testing of 
this soil type was recently reported by Lanzano et al. 
[2015].

Plane-strain tunnelling-induced ground loss was 
schematically modelled by shrinking a model tun-
nel. The reduction in tunnel diameter was achieved 
by draining water from a cavity between the tunnel 
lining and a brass mandril l (Fig. 2), allowing vari-
ous ground loss to be modelled within a single ex-
periment. This approach was applied by various re-
searchers (e.g. JACOBSZ, 2002; FARRELL, 2010; MARSHALL 
et al., 2012; DIVALL and GOODEY, 2012). During centri-
fuge acceleration the tunnel cavity was supported by 
balancing the internal tunnel pressure with the ver-
tical soil stress at the tunnel axis. Implications of this 
technique are reported in RITTER et al. [2016b,c]. At 

the final g-level (75g), tunnel excavation was simulat-
ed in 0.1% of tunnel volume loss increments.

Building models were 3D printed to replicate 
building features at a scale factor of 1:75, as shown  
in figure 3. The main features of the building mod-
els are shallow strip foundations beneath the exteri-
or walls, a rough soil-structure interface, 20% win-
dow openings in the façade walls orthogonal to the 
tunnel and partition walls parallel to the tunnel. To 
model a realistic stress of 100 kPa underneath the 
foundations transverse to the tunnel, dead load bars 
were placed on top of the structural models. In each 
print job, specimen beams were printed and sub-
sequently tested in four-point-bending tests to de-
termine the properties of the 3D printed material, 
which demonstrated brittle behavi our. Table II com-
pares the material characteristics of the 3D printed 
material to masonry. The 3D printed material has a 
lower density than masonry, a Young’s modulus com-
parable to historical masonry and a greater flexur-
al strength and strain to failure. Adjustment of the 
building layout, however, resulted in global build-
ing stiffness values that were in agreement with case 
studies [RITTER et al., 2016c]. When applying current 
techniques to assess the building response to tunnel-
ling subsidence (e.g. GOH and MAIR, 2011), the struc-
ture can be classified as semi-rigid to rigid. Differ-
ences in the predicted building response are caused 
by the different locations of the structures relative to 
the tunnel. The building models were placed on the 
soil surface before starting the centrifugal accelera-
tion. As a consequence, the soil model experienced 
the full building load throughout the experiment.

Fig. 2 – Model tunnel: a) cross-section of centrifuge model 
through vertical tunnel axis and b) cross-section of model 
tunnel (after RITTER et al., 2016a).
Fig. 2 – Modello della galleria: a) sezione verticale del modello 
in centrifuga in corrispondenza dell’asse verticale della galleria 
e b) sezione verticale del modello della galleria [RITTER et al., 
2016a].

Fig. 3 – Building model (dimensions in mm): a) overview; 
b) half of building model in print bed and c) cross-section 
(after RITTER et al., 2016a).
Fig. 3 – Modello dell’edificio (dimensioni in mm): a) veduta 
di insieme; b) metà modello di edificio nel letto di stampa e c) 
sezione verticale [RITTER et al., 2016a].
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The digital image correlation (DIC) software 
GeoPIV [WHITE et al., 2003] was applied to meas-
ure ground and building displacements. Therefore, 
throughout the centrifuge tests three digital cameras 
acquired images of the building façade and ground 
model in the Poly (methyl methacrylate) (PMMA) 
window plane (Fig. 2a). In addition, linear variable 
transducers (LVDTs) and lasers were applied to ob-
tain surface soil settlements. A comparison between 
the LVTD/laser readings and the settlements ob-
tained by DIC confirmed negligible boundary ef-
fects between the window and the sand [RITTER et al., 
2016c]. 

Structure’s Effect on Soil Displacements

The following sections discuss how the build-
ings modified the tunnelling-induced ground dis-
placements beneath them. Emphasis is placed on 
investigating the structure’s effect on the main in-
put parameters of the empirical method to predict 
ground displacements subject to tunnelling works, 
such as the volume loss, the maximum vertical dis-
placements above the tunnel centreline and the 
trough width. Mechanisms controlling the interac-
tion between the buildings and the tunnelling-in-
duced ground displacements are addressed. The 
term surface soil displacements describes near-surface 
soil displacements (i.e. z/zt < 0.05, where zt is the tun-
nel depth and z the vertical distance from the soil 
surface to the analysed soil depth) throughout this 
work, and are the closest possible measures near the 
soil surface using GeoPIV.

Vertical Ground Displacement Con tours

Figure 4 illustrates that for each test the maxi-
mum vertical ground movements occurred close to 
the tunnel crown. With distance from the tunnel, the 
vertical soil displacements reduced. A clear impact 

of the building models on the soil displacements 
above the tunnel excavation is appar ent in figure 4. 
In particular, for the structures positioned eccentric 
to the tunnel (test B and C), a widening of the verti-
cal displacement contours in the region beneath the 
buildings was ob served (Fig. 4c,d). The symmetrical-

Test Density (g/cm³)
Young’s modulus 

(MPa)
Flexural strength 

(MPa)
Ultimate strain (%)

A 1.293 893.1 1.362 0.298

B 1.278 800.6 1.311 0.357

C 1.261 727.4 1.130 0.282

Mean 1.277 807.0 1.268 0.312

Standard deviation 0.016 83.0 0.122 0.040

Masonry 1.9 1000 - 9000 0.1 – 0.9 0.05*

  Tab. II – Properties of 3D printed materials in comparison to typical masonry data [GIARDINA et al., 2015]. Four specimens we-
re tested for each test.
Tab. II – Confronto fra le proprietà dei materiali stampati in 3D e valori tipici per la muratura [GIARDINA et al., 2015]. Per ciascun test 
sono stati analizzati quattro campioni.

BURLAND and WROTH [1974] brick wall strain at onset of cracking.

Fig. 4 – Vertical displacement contours at a tunnel volume 
loss (Vl,t) of 2.0%: a) greenfield test [FARRELL, 2010]; b) test 
A; c) test B and d) test C.
Fig. 4 – Curve di livello degli spostamenti verticali per una 
perdita di volume (Vl,t) del 2.0%: a) test in condizioni di campo 
libero [FARRELL, 2010]; b) test A; c) test B e d) test C.



11

OTTOBRE - DICEMBRE 2017

THE EFFECT OF SURFACE STRUCTURES ON SOIL DEFORMATIONS DUE TO TUNNELLING IN SAND

ly located structure (test A) had less impact on the 
tunnelling-induced deformatio n field (Fig. 4a).

For the soil-structure tests, the maximum vertical 
ground displacement (Sv,max) reduced on average by 
about 25% compared to the greenfield test. These 
differences can be explained by the modified stress 
conditions in the soil body caused by the building 
weight [FRANZIUS et al., 2004]. Ground movements in-
duced by tunnelling works depend on the soil stiff-
ness, which is proportional to the mean effective soil 
stress. The higher soil stiffness in the soil-structure 
tests reduced the soil movements towards the tun-
nel. In addition, the lateral stress ratio (h’/v’) de-
creases due to the applied building load. Both of 
these effects caused a reduced deformation field sur-
rounding the tunnel excavation for the magnitude 
of tunnel volume loss (e.g. Vl,t = 2.0%). In granular 
material (e.g. sand), the change in confining stress 
due to the building surcharge directly influences the 
volumetric behaviour of the soil body. An increase in 
the confining stress reduces the magnitude of dila-
tion. This is particularly relevant close to the soil sur-
face, where the change of the stress conditions due 
to the building load is significant. The effect of this 
complex interaction on the volume of the surface 
settlement troughs is discussed next.

Volume Loss

As previously mentioned, a large range of tun-
nel volume losses were simulated within a single ex-
periment. The relationship between the monitored 
surface ground loss (Vl,s) and the modelled tunnel 
volume loss (Vl,t) is  given in figure 5. Typical for tun-
nels in drained conditions, Vl,s is different from Vl,t 
which is caused by dilation due to shearing of the 
soil above the tunnel [CORDING and HANSMIRE, 1975; 
MARSHALL et al., 2012]. The experimentally obtained 
data generally agrees with the relationship proposed 
by MARSHALL et al. [2012] for tunnelling in the same 
ground c ondition s (Fig. 5). Figure 5 shows that the 
difference between the surface and tunnel volume 
loss increases with tunnel volume loss, indicating in-
crease d dilation.

Figure 5 indicates that the building models posi-
tioned eccentrically caused little impact on the total 
measured surface volume loss. This result is interest-
ing considering the above mentioned differences in 
maximum vertical ground displacements at the tun-
nel crown, due to the change of the soil stress regime 
in the building tests. A possible explanation for the 
good match of the volume of the surface troughs is 
that while the eccentric building loads reduced dila-
tion above the tunnel when compared to the green-
field results, the buildings also caused a widening of 
the settlement profiles, resulting in a similar total 
volume of the settlement trough. Meanwhile, for test 

A, the difference between Vl,s and Vl,t increased sig-
nificantly compared to the other tests. This observa-
tion is likely due to two sources: 1) the embedment 
at the building ends caused earlier local shear failure 
in the soil, causing increased dilation; 2) the loss of 
contact between the soil surface and the central re-
gion of the structure [FARRELL and MAIR, 2010; 2011] 
causing reduced confinement of the soil along the 
building centreline, which also may have increased 
dilation effects. Nevertheless, at volume losses fre-
quently reported in case histories (<1.5%) nearby 
structures showed only a minor impact on the sur-
face volume loss. The good agreement between the 
volume of the surface troughs enables a direct com-
parison between the greenfield scenario and the 
soil-structure interaction tests.

The results below are given for a tunnel volume 
loss of 2.0%, which equals a soil surface volume loss 
o f about 1.6% (Fig. 5). This volume loss is similar 
to analytically derived maximum surface volume loss 
(approximately 1.5%) for tunnels in sand with equal 
C/D ratio and tunnel diameter [VU et al., 2016]. Also 
a frequently applied design value for shotcrete lining 
(SCL) tunnels is a surface volume loss of 1.5%. 

Vertical Surface Soil  Displacements

Figure 6 relates the vertical surface soil displace-
ments of the building tests to the greenfield surface 
settlements for tunnel volume losses of 0.5%, 1.0%, 
2.0% and 4.0%. Deviations from the typical green-
field trough due to the soil-structure interaction are 
clearly visible. Although the modifications of the 
greenfield ground displacements were observed at 

Fig. 5 – Volume loss of the surface settlement trough (Vl,s) 
versus modelled tunnel volume loss (Vl,t).
Fig. 5 – Perdita di volume del profilo dei cedimenti di superficie 
(Vl,s) in funzione della perdita di volume modellata al cavo 
(Vl,t).
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each volume loss step, the alterations become more 
distinct as volume loss increases.

Structures located asymmetric to the tunnel in-
creased the vertical settlements beneath the entire 
extent o f the building (Fig. 7b,c), whereas test A 
caused greater vertical soil displacement only be-
neath the b uilding corners (Fig. 7a). This finding 
for test A is related to a loss of contact between the 
centre of the building and the soil surface, result-
ing in building load redistribution to the building 
corners where the structure embedded into the 
soil surface. Similar results were reported by FAR-
RELL and MAIR [2010; 2011] and POTTS and ADDEN-
BROOKE [1997] for rigid structures with zero eccen-
tricity. Test C also showed an embedment of the 

left building corner into the soil surface, which 
was triggered by a rigid body rotation of the build-
ing model towards the tunnel. For test A, the sig-
nificant reduction of the vertical soil displacements 
directly above the tunnel can partly be explained 
by the reduction of the confining soil stress below 
the surface at this location, which results in a high-
er degree of dilation. Another possible reason for 
the observed lower vertical soil settlements above 
the tunnel centreline is the initial increase in soil 
stiffness and strength due to the building weight, 
which reduced the soil displacement field induced 
by the tunnel excavation, as discussed above. Re-
duced vertical surface settlements above the tunnel 
centreline due to adjacent buildings were also no-

Fig. 6 – Vertical surface soil displacement profiles at a tun-
nel volume loss (Vl,t) of 0.5%, 1.0%, 2.0% and 4.0%: a) test 
A; b) test B and c) test C. Greenfield (GF) profiles [FAR-
RELL, 2010] are plotted as reference.
Fig. 6 – Profili degli spostamenti verticali della superficie del 
terreno per una perdita di volume (Vl,t) di 0.5%, 1.0%, 2.0% 
e 4.0%: a) test A; b) test B e c) test C. I profili in condizioni di 
campo libero (GF) [FARRELL, 2010] sono riportati per riferimento.

Fig. 7 – Vertical surface soil displacement profiles at a tun-
nel volume loss (Vl,t) of 2.0%: a) test A; b) test B and c) test 
C. Greenfield (GF) surface soil settlement profiles [FAR-
RELL, 2010] are plotted as reference.
Fig. 7 – Profili degli spostamenti verticali della superficie del 
terreno per una perdita di volume (Vl,t) del 2.0%: a) test A, b) 
test B e c) test C. I profili dei cedimenti superficiali del terreno in 
condizioni di campo libero (GF) [FARRELL, 2010] sono riportati 
per riferimento.
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ticed in centrifuge modelling studies [TAYLOR and 
YIP, 2001; CAPORALLETI et. al., 2005] and computa-
tional models [POTTS and ADDENBROOKE, 1996; FRAN-
ZIUS, 2003]. 

For tests A and C, a significant change of the rate 
of the vertical surface settlements was found in the 
regions where the building  corners embedded (Fig. 
7a,c). More flexible neighbouring structures con-
structed in these regions might suffer damage. A re-
covery of the greenfield settlement curve, as report-
ed by POTTS and ADDENBROOKE [1997], was not ob-
served due to the previously mentioned differences 
in the tunnelling-induced displacement field caused 
by the initially higher soil stiffness in the building 
tests.

Increased vertical surface displacements com-
pared to the greenfield test were measured when the 
structure was placed so that one building corner was 
coincident with the  tunnel centreline (Fig. 7c). As 
previously mentioned, this observation was caused 
by a rigid rotation of the structure towards the tun-
nel, which results in embedment of the left corner of 
the building. Greater surface soil settlements caused 
by structures in a similar location relative to the tun-
nel were observed in the field [FARRELL et al., 2011], 
in centrifuge experiments [TAYLOR and GRANT, 1998; 
TAYLOR and YIP, 2001] and in numerical studies [LIU 
et al., 2000; AMO ROSI et al., 2014]. Figure 8 quantifies 
the change in vertical soil settlements above the tun-
nel centreline caused by the presence of the build-
ing models by normalising them to the greenfield 
vertical displacements. While noise affects the im-
age-based measurements at low tunnel volume loss, 
a clear trend was observed above a tunnel volume 
loss of about 1.0%. Between 1.0% and 2.0% of tun-
nel volume loss, the ratio between the vertical sur-
face settlements above the tunnel centreline and 

the corresponding greenfield settlements was about 
0.78, 0.89 and 1.14 for test A, B and C. These find-
ings confirm that the location of the structure has 
a direct impact on the maximum surface soil settle-
ment caused by tunnel excavation.

Surface Trough Width

After exploring the volume and maximum verti-
cal displacements of the surface settlement troughs, 
this section focuses on alterations of the surface 
trough shape due to the soil-structure interaction. 
VORSTER [2002] and MARSHALL et al. [2012] showed 
that modified Gaussian curves can provide a better fit 
to transverse soil settlements profiles above tunnels 
in sand compared to the more widely used Gaussi-
an curves. This finding was expected due to the ad-
ditional degree of freedom of the modified Gaussi-
an curve. Although employing a modified Gaussian 
curve adds complexity, its better fit is more adequate 
to investigate the variations of the settlement trough 
shape when tunnelling in sand.

Historically, the width of a Gaussian curve is an-
alysed by the horizontal distance (i) from the tun-
nel centreline to the point of inflection of the ver-
tical settlement profile. The widely used trough 
width parameter (K) is derived by normalising i with 
(zt – z). Marshall et al. [2012] suggested a framework 
to quantify the trough width of modified Gaussian 
curves. The authors introduced the parameter x*, 
which is the offset from the tunnel centreline where 
the vertical displacement of the modified Gaussian 
curve is 0.606 of Sv,max. This approach is similar to 
obtaining the point of inflection for a Gausian curve 
because at the point of inflection Sv = 0.606 Sv,max 
also holds. K* is then determined by dividing x* by 
(zt - z). Although, the trough width K* is only qual-
itatively comparable to K, K* enables a valuable ap-
proach to evaluate the width of settlement profiles.

Modified Gaussian curves were fit to the data to 
determine the trough width parameters K*. Asym-
metric settlement profiles were observed for the tests 
with structures located asymmetric to the tunnel 
centreline (test B and C ), as can be seen in figure 6. 
Thus, to quantify the immediate effect of the surface 
structures on the trough shape, the curve fitting was 
carried out for the right hand side of the settlement 
tro ughs of test B and C. Figure 9 presents the ob-
tained K* values along tunnel volume loss. The set-
tlement troughs for the soil-structure configurations 
were wider than the greenfield conditions, which 
is particularly evident for tunnel volume loss (Vl.t) 
greater than 1.5%. A range of widely observed green-
field trough width parameters (K) for tunnels in 
sand is given for reference [MAIR and TAYLOR, 1997].

The structure with zero eccentricity (test A) 
caused the highest trough width parameter while 

Fig. 8 – Ratio between surface soil settlements (Sv) and 
greenfield surface soil settlements (Sv

GF) above the tunnel 
centreline (x = 0 mm) versus tunnel volume loss (Vl,t).
Fig. 8 – Rapporto fra i cedimenti superficiali del terreno (Sv) e 
i cedimenti superficiali del terreno in condizioni di campo libero 
(Sv

GF) in corrispondenza dell’asse della galleria (x=0 mm) in 
funzione della perdita di volume al cavo (Vl,t).
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the buildings placed at an offset from the tunnel re-
sulted in a minor widening. A reduction of K* as Vl,t 
increases was observed for each test, and indicates 
the typical trough narrowing (i.e. chimney effect) 
for tunnels in sand when ground displacements in-
crease.

The noted widening mechanism caused by the 
surface structures can be related to the building 
weight. As previously highlighted, the building load 
alters the stress regime in the soil prior to tunnel ex-
cavation compared to the greenfield configuration. 
The greater confining stresses can be compared with 
a higher soil cover above the tunnel, and tunnel sce-
narios with higher C/D ratio result in wider soil set-
tlement profiles than shallower tunnels [MARSHALL 
et al., 2012]. Wider surface settlement troughs due 
to nearby buildings were also observed in computa-
tional studies [POTTS and ADDENBROOKE, 1997; LIU et 
al., 2000; FRANZIUS et al., 2004; AMOROSI et al., 2014] 
and in experimental investigations [TAYLOR and 
YIP, 2001; CAPORALLETTI et al., 2005; FARRELL, 2010]. 
Previous case histories also indicated trough wid-
ening due to soil-structure interaction, though the 
displacement data was generally obtained through 
monitoring points located on the building facades 
(e.g. FRISCHMANN et al., 1996, VIGGIANI and STANDING, 
2001; LU et al., 2001). An implication of the observed 
widening of tunnelling-induced vertical settlement 
troughs at surface level due to adjacent buildings is 
that building damage assessments applying typical 
trough width parameters derived in greenfield con-
ditions might lead to conservative predictions.

Horizontal Surf ace Soil Displacements

Figure 10 shows that the horizontal surface 
ground movements considerably deviate from the 
greenfield displacements due to presence of the 
buildings. In particular, the maximum horizontal 

Fig. 9 – Surface trough width parameter K* versus tunnel 
volume loss (Vl,t). Greenfield (GF) data [FARRELL, 2010] is 
given as reference. Literature values for K in sand are indi-
cated [†MAIR and TAYLOR, 1997].
Fig. 9 – Parametro K* in funzione della perdita di volume al 
cavo (Vl,t). I valori in condizioni di campo libero (GF) [FARRELL, 
2010] sono riportati per riferimento, così come i valori di 
letteratura per sabbie [†MAIR and TAYLOR, 1997].

Fig. 10 – Horizontal surface displacement profiles at a tun-
nel volume loss (Vl,t) of 0.5%, 1.0%, 2.0% and 4.0%: a) test 
A; b) test B and c) test C. Greenfield (GF) data [FARRELL, 
2010] is given as reference.
Fig. 10 – Profili di spostamento orizzontale di superficie per 
una perdita di volume al cavo (Vl,t) dello 0.5%, 1.0%, 2.0% 
e 4.0%: a) test A; b) test B e c) test C. Valori in condizioni di 
campo libero (GF) [FARRELL, 2010] sono riportati per riferimento.
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displacements beneath the building models are sig-
nificantly reduced by the shear transfer between the 
soil and the structure. Similar to the effects on the 
vertical displacement profiles, these modifications 
were observed for different magnitude of tunnel vol-
ume loss. 

The eccentricities of the building models play 
an important role on the horizontal ground dis-
placements caused by tunnel excavation. Buildings 
placed close to the tunnel (i.e. test A and C) signif-
icantly restrained the surface horizontal ground 
displacements over the entire tunnelling-indu ced 
displacement field (Fig. 11a,c). When the struc-
ture was placed in the hogging region (test B), the 
structure did not affect the left hand side of the 
tunnelling-ind uced displacement field (Fig. 11b), 
but the displacements beneath the structure were 

significantly affected and became relatively uni-
form.

It is notable that the horizontal soil movements 
beneath the structure in test A are non-uniform, 
changing significantly near the centre of the struc-
ture, which can be explained by a loss of contact 
between th e soil and the structure (Fig. 10a). This 
soil-structure gap [FARRELL and MAIR, 2010; 2011; 
GIARDINA et al., 2014] developed at a Vl,t of about 
1.4% and enabled free horizontal soil movement 
(similar to the greenfield case) in the zone close to 
the tunnel centreline. The entire length of the build-
ings placed asymmetrically to the tunnel (test B and 
C) remained in full contact with the soil surface; the 
horizontal ground displacement component was 
restrained, and relatively uniform, over t he entire 
building extent (Fig. 11b,c).

In all tests, the horizontal displacements were 
relatively uniform beneath the structures, apart from 
where the soil-structure gap formed in Test A. This 
finding can be explained by friction in the soil-struc-
ture boundary; the structure dragged the soil be-
neath it. Overall, these results point out that signifi-
cantly smaller horizontal strains were transferred to 
the buildings than assuming the structures are fol-
lowing the greenfield movements. Case studies iden-
tified similar findings (e.g. VIGGIANI and STANDING, 
2001; FARRELL, 2010).

Subsurface Soil Displacements

In addition to the discussed effects on the sur-
face ground horizon, the building impact on tun-
nelling-induced ground displacements below the 
soil surface is of key importance to assess potential 
damage  on buried infrastructures. Figure 12 com-
pares surface soil settlement troughs (z/zt = 0.03) 
to subsurface soil settlement profiles (z/zt = 0.13 
and 0.26). Greenfield vertical soil movement pro-
files [FARRELL, 2010] are presented for reference. 
To visualize surface and subsurface troughs in a sin-
gle plot, the vertical displacements for the subsur-
face profiles are shifted uniformly by 0.2 mm a nd 
0.4 mm, as illustrated in figure 12. A significant re-
duction of the soil-structure effects  with depth can 
be observed in figure 12. Particularly, embedment 
effects of building corners diminished with depth, 
and at a depth of z/zt = 0.26, only minor alterations 
can be seen. 

Vertical profiles of horizontal soil movements at 
a horizontal distance (x) of 70 mm from the tunn el 
centreline are presented in figure 13 to explore the 
soil-structure interaction zone influencing the hori-
zontal ground displacements. At x = 70 mm con-
tact between the building foundations and the soil 
surface was maintained for all the building exper-
iments. Within the top soil layers (z/zt < 0.13) re-

Fig. 11 – Horizontal surface soil displacements at a tunnel 
volume loss (Vl,t) of 2.0%: a) test A; b) test B and c) test C. 
Greenfield (GF) data [FARRELL, 2010] is given as reference.
Fig. 11 – Spostamenti orizzontali della superficie del terreno 
per una perdita di volume al cavo (Vl,t) del 2.0%: a) test A, 
b) test B e c) test C. I valori in condizioni di campo libero (GF) 
[FARRELL, 2010] sono riportati per riferimento.
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duced horizontal soil displacements were measured 
for all tests; this indicates a significant restraint of 
the horizontal ground movements due to the in-

teraction effect. Between a depth of z/zt = 0.13 and 
0.26 the horizontal displacements were in reason-
able agreement with the greenfield ground move-
ments. This observation is in line with the subsur-
face vertical displacements discussed in the sec-
tion above, and similar observations were reported 
by STANDING [2001] and MAIR and FARRELL [2011]. 

Fig. 12 – Soil settlements at different depths (z/zt = 0.03, 
0.13 and 0.26) shown at a tunnel volume loss (Vl,t) of 2.0%: 
a) test A; b) test B and c) test C. Greenfield data [FARRELL, 
2010] is given as reference. For visualisation the settle-
ments at a depth of z/zt = 0.13 and z/zt = 0.26 are increased 
by a vertical offset of 0.2 mm and 0.4 mm, respectively.
Fig. 12 – Cedimenti del terreno a profondità variabile (z/zt = 
0.03, 0.13 e 0.26) per una perdita di volume al cavo (Vl,t) del 
2.0%: a) test A; b) test B e c) test C. Valori in condizioni di 
campo libero [FARRELL, 2010] sono riportati per riferimento. 
I cedimenti alle profondità z/zt = 0.13 e z/zt = 0.26 sono 
aumentati di un intervallo verticale di 0.2 mm e 0.4 mm, 
rispettivamente, per ragioni di visualizzazione.

Fig. 13 – Vertical profiles of horizontal soil displacements 
at x = 70 mm and at a tunnel volume loss (Vl,t) of 2.0%: a) 
test A; b) test B and c) test (C). Greenfield data [FARRELL, 
2010] is given as reference.
Fig. 13 – Profili verticali degli spostamenti orizzontali del terreno 
per x = 70 mm e una perdita di volume al cavo (Vl,t) del 2.0%: 
a) test A; b) test B e c) test C. Valori in condizioni di campo libero 
[FARRELL, 2010] sono riportati per riferimento.
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However, structures that showed embedment of 
building corners (i.e. test A and C) may increase 
the constraining depth compared to test B where 
embedding was not observed. The overall slightly 
lower horizontal ground displacements obtained 
in the tests with the building models are again a 
result of the building weight, causing a change in 
the stress regime in the soil body and are consistent 
with FRANZIUS et al. [2004].

Variations in trough width with depth play 
an important role when predicting tunnelling-in-
duced settlement effects on buried infrastructures 
such as piles or pipelines. MARSHALL et al. [2012] 

identified that the trough width for tunnels in sand 
varies with depth, tunnel volume loss and C/D. To 
study the impact of the building models on the 
shape of the subsurface vertical displacement pro-
files, the MARSHALL et al. [2012] framework is adopt-
ed, similar to the  investigation at surface level. Fig-
ure 14 presents the obtained K* values along with 
published trends of K with depth. Wider troughs 
were generally observed when building models 
were present, and the symmetric structure tended 
to cause the widest trough. The currently available 
methods to predict the trough width for a green-
field case generally showed poor agreement with 
the greenfield experimental data as well as for the 
soil-s tructure tests. For Vl,t = 0.5% (Fig. 14a), the 
obtained K* values for test A and B indicate a mi-
nor widening of the trough with depth, similar to 
Methods 2 and 3, while the greenfield test and test 
C showed no widening with depth,  as in Method 1. 
For Vl,t = 2.0% (Fig. 14b), the soil-structure tests in-
dicate that the trough widths differed near the sur-
face and then became rather similar with increas-
ing depth, although K* remained greater than 
measured for the greenfield configuration. Gener-
ally, the trough width decreased or remained rela-
tively uniform with depth for all tests, indicating  a 

Fig. 14 – Trough width parameter K* versus soil depth for 
a) a tunnel volume loss (Vl,t) of 0.5% and b) a tunnel vo-
lume loss (Vl,t) of 2.0%. Other published methods are: (1) 
a constant K = 0.35 for tunnels in sand [MAIR and TAYLOR, 
1997; O’REILLY and NEW, 1982]; (2) MAIR et al. [1993] with 
parameters for sand (Ks = 0.35, i/z = 0.26) derived by JA-
COBSZ [2002] and (3) MOH et al. [1996] for silty sand (m = 
0.4).
Fig. 14 – Parametro K* in funzione della profondità del terreno 
per (a) una perdita di volume al cavo (Vl,t) dello 0.5% e (b) 
del 2.0%. Altri metodi disponibili in letteratura sono: (1) K = 
0.35 costante per gallerie in sabbia [MAIR and TAILOR,1997; 
O’REILLY and NEW, 1982]; (2) MAIR et al. [1993] con 
parametri per sabbia (Ks = 0.35, i/z = 0.26) ottenuti da 
JACOBSZ [2002] e (3) MOH et al. [1996] per sabbia limosa (m 
= 0.4).

Fig. 15 – Shear strain (γ) contours for a tunnel volume loss 
(Vl,t) of 2.0%: a) greenfield test [FARRELL, 2010]; b) test A; 
c) test B and d) test C.
Fig. 15 – Curve di livello delle deformazioni di taglio (γ) per una 
perdita di volume al cavo (Vl,t) del 2.0%: a) test in condizioni 
di campo libero [FARRELL, 2010]; b) test A; c) test B e d) test C.
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trend most similar to Method 1 (Fig. 14b). These 
observations highlight that in drained soil condi-
tions K* varies considerably with Vl,t and that the 
previously proposed methods are less appropria te 
as Vl,t increases.

Shear strains

Figure 15 illustrates the developed shear strains 
at a tunnel volume loss of 2.0%. Greenfield data 
[FARRELL, 2010] is given for reference. For all exper-
iments, the main shear strains developed from the 
tunnel shoulders and formed a bulb above the tun-
nel crown, which correlates well with the collapse 
mechanism for an upper bound solution suggested 
by ATKINSON  et al. [1975].

It is apparent from figure 15 that the presence 
and location of surface structures affect the activa-
tion of shear strains within the soil. The magnitude 
of shear strains obtained in the soil-structure configu-
rations is lower compared to the greenfield test. This 
was to be expected because the building acted as a 
surcharge and thus increased the soil confinement, 
which governs the amount of shear strains. Equal 
findings were reported by FARRELL [2010] when com-
paring the shear strain development above tunnels 
with different C/D. The smaller shear strains observed 
in the soil-structure tests (Fig. 15b,c,d) caused less di-
lation in the soil than the greenfield case. This find-
ing partly explains the rather equal volu me of the sur-
face settlement troughs (Fig. 5) although the ground 
movements were lower in the tests with the buildings.

When the structure  is placed symmetrically to 
the tunnel (Fig. 15b) pronounced shear strains can 
be observed below the left and right edges of the 
building. This localised activation of shear zones di-
rectly beneath the building corners explains the em-
bedment of the structure at its corners, which was 
previously mentioned. For the structure with the 
left edge placed directly above the tunnel (test C), 
a dominant shear band formed from the left tunnel 
shoulder to the left building corner (Fig. 15d). For 
the entire test series, this was the only main shear 
band that propagated to the soil surface. This con-
centrated shearing mechanism is also evidence of 
embedment due to high stress beneath the build-
ing corner, and further explains the increased verti-
cal displacements observed at the tunnel centreline 
for test C. This highlights the potential for a build-
ing to initiate an alternate failure mechanism when 
a building corner becomes coincident with a poten-
tial shear band. The structure in the hogging region 
(test B) showed less  impact on the shear strain devel-
opment (Fig. 15c). LIU et al. [2001] and SHAHIN et al. 
[2011] reported similar observations regarding the 
impact of surface structures on shear strains in the 
soil body.

Conclusions

Predicting ground movements associated with 
tunnel excavation plays a crucial role for every ur-
ban tunnelling project. However, widely applied em-
pirical methods neglect the interaction with the built 
environment, leading to significant uncertainty in 
current design practice. 

This paper presents an experimental investiga-
tion on alterations in tunnelling-induced ground 
displacements caused by surface structures. The 
study, conducted at 75 times the Earth’s gravi-
ty field, replicated the interaction between a rep-
resentative building model and a tunnelling-in-
duced displacement field in dense sand. Building 
features, including shallow strip footings, partition 
walls and façade openings were taken into account 
by 3D printing the structural model. Results of the 
centrifuge experiments illustrated a significant de-
viation of the ground displacements due to adja-
cent buildings, from which the following conclu-
sions are drawn:

Building weight causes a change of the stress re-
gime in the soil body, which affects the tunnelling-in-
duced ground movements [FRANZIUS et al., 2004; FAR-
RELL, 2010]. The higher stress state and thus soil stiff-
ness reduced the ground movements caused by the 
tunnel excavation. For the soil-structure tests, there-
fore, lower tunnelling-induced soil movements were 
measured compared to the greenfield case. 

A minor effect of the building models on the vol-
ume of the surface settlement profiles was observed. 
The exception to this was a structure with zero ec-
centricity to the tunnel, which caused notably lower 
surface volume losses as tunnel volume loss exceed-
ed 1.5%. The similar surface volume loss is attribut-
ed to the counteracting effects of reduced dilation 
and a widening of the settlement trough for the tests 
with the buildings.

Variations in the building location relative to 
the tunnel directly influenced the maximum sur-
face settlements which confirms data in the liter-
ature [POTTS and ADDENBROOKE, 1996; TAYLOR and 
GRANT, 1998; LIU et al., 2000; TAYLOR and YIP, 2000; 
AMOROSI et al. 2014]. Buildings with zero eccentric-
ity caused less surface settlement above the tunnel 
centreline while buildings with a corner directly 
above the tunnel increased the vertical ground dis-
placements. 

Case studies frequently observed that buildings 
followed a settlement trough that was wider than the 
predicted greenfield settlements (e.g. FRISCHMANN et 
al., 1996; VIGGIANI and TAYLOR, 2001; LU et al., 2001). 
These previous studies relate to monitoring of the 
structure displacements; ground movements be-
neath the buildings were not measured. This re-
search allowed quantifying the widening of the sur-
face and subsurface soil settlement troughs caused 
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by the soil-structure interaction. Structures widened 
the vertical soil displacement troughs at the surface 
and with increasing soil depth. For structures with 
zero eccentricity the widest trough was noted. How-
ever, the trend of trough width with depth was not 
predicted well with existing models, and experimen-
tal results indicated that the trough narrowed or re-
mained rather uniform with depth as volume loss in-
creased.

Differential horizontal ground displacements 
were considerably reduced by the presence of the 
surface structures. The building location influenced 
the magnitude of the horizontal ground displace-
ments. Structures in asymmetric positions tended 
to have relatively uniform horizontal ground move-
ments beneath them, with an approximate magni-
tude equal to the average horizontal ground dis-
placements observed for the greenfield scenario. In 
the symmetric case, the structure reduced the hori-
zontal displacement component throughout the 
building extent.

Localised soil-structure phenomena, such as 
building embedment and restraining of horizontal 
ground movements were constricted to the top soil 
horizons. It was found that these phenomena dimin-
ish between a depth of z/zt = 0.13 and 0.26. STAND-
ING [2001] and FARRELL and MAIR [2010] reported 
similar findings. Building positions that notably ac-
tivate shear strains beneath their corners tend to in-
crease the influence depth.

The surface structures and their position rel-
ative to the tunnel have a significant effect on the 
development of shear bands in the soil body above 
the tunnel [LIU et al., 2000; SHAHIN et al., 2001]. For 
all soil-structure cases, lower shear strains were ob-
served than in the greenfield scenario, which is re-
lated to the building weight effect (see above). The 
building position can lead to a serious concentration 
of shear strains close to the soil surface when a build-
ing corner is coincident with a potential shear band. 
This scenario can result in large vertical surface dis-
placements, rotation and embedment of the build-
ing. 

The experimentally obtained results provide es-
sential data needed to further evaluate numerical 
and analytical methods of assessing the interaction 
between surface structures and tunnelling-induced 
soil settlements. As a result, refinements of existing 
industry guidelines could be made.
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Influenza delle strutture di superficie 
sulle deformazioni indotte nel terreno 
dallo scavo di una galleria in sabbia

Sommario
Durante lo scavo di gallerie in ambiente urbano, la presenza 

di edifici in superficie modifica gli spostamenti del terreno 
indotti dallo scavo. La previsione della risposta degli edifici 
adiacenti allo scavo richiede una corretta analisi dell’interazione. 
Dato il livello di incertezza associato all’effetto delle strutture 
sui cedimenti indotti dallo scavo, la pratica progettuale è 
prevalentemente basata su metodi empirici che non tengono conto 
dell’interazione terreno-struttura. Una conoscenza più dettagliata 
dell’influenza degli edifici sugli spostamenti del terreno dovuti 
allo scavo di gallerie è pertanto necessaria al perfezionamento 
delle ipotesi di modellazione correnti e alla riduzione delle 
incertezze. Questo articolo presenta i risultati di uno studio 
sperimentale volto a una comprensione più approfondita del 
problema dell’interazione terreno-struttura, usando modelli di 
strutture più realistici. In particolare, il lavoro è incentrato 
sull’influenza delle strutture in superficie sugli spostamenti 
a piano campagna e in profondità. I risultati ottenuti da tre 
prove in centrifuga con modelli di edifici collocati in varie zone 
del profilo di cedimenti indotto dallo scavo della galleria sono 
confrontati con quelli in condizioni di campo libero (greenfield). 
Nei modelli il terreno è una sabbia densa asciutta e l’edificio 
è realizzato mediante stampa in 3D. I risultati mostrano come 
la struttura modifichi gli spostamenti verticali e orizzontali del 
terreno associati allo scavo. I meccanismi di deformazione del 
terreno sono influenzati significativamente dalla posizione del 
modello dell’edificio rispetto alla galleria; la presenza dell’edificio 
altera gli spostamenti verticali e orizzontali del terreno nelle zone 
immediatamente sovrastanti e adiacenti alla galleria, ampliando 
il profilo di cedimenti in superficie e in profondità e inducendo 
rotture localizzate al di sotto degli spigoli.




