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ABSTRACT: Tunnelling in urban areas continues to increase and has highlighted the need for a better understanding of the impact of tunnel excavations on existing buildings. This paper considers the influence of surface
structures on ground displacements caused by tunnelling in sand through finite element modelling and centrifuge
testing. First, the importance of modelling assumptions is evaluated by comparing centrifuge modelling results
to finite element modelling results for various soil constitutive models: both a Young’s modulus that linearly
increases with depth and a power law relation between the soil stiffness and stresses are considered. Second, the
most effective soil constitutive model was used to perform a sensitivity study on the effect of different factors
governing the structural response. In particular, the effect of the building stiffness and weight on the modification
of soil displacements is investigated by introducing a simple surface structure. The use of a no-tension interface
between the building and the soil was found to be essential to investigate the effect of weight on gap formation
between the soil and the structure, as observed during the experimental tests. Results show the importance of
considering the relation between the building weight and the relative stiffness between the building and the soil
when assessing the structural response.

1

INTRODUCTION

The contemporary expansion of cities has let to an
increasing need for infrastructure. The use of underground space is an attractive solution, allowing for a
reduction of surface traffic and air and noise pollution. However, tunnel and deep excavations cause soil
settlements which, depending on their absolute and
differential values, can have a negative impact on surface structures. The assessment of tunnelling induced
damage on buildings is therefore an essential design
stage of tunnel excavation projects in urban areas.
Simplified procedures for the assessment of potential structural damage have been developed (Burland
and Wroth 1974), based on the analytical calculation
of strains in a weightless elastic beam model of the
building. Further developments of this method include
the prediction of soil settlements and therefore induced
building strains using the relative stiffness between the
building and the soil (Potts and Addenbrooke 1997,
Son and Cording 2005, Franzius 2003). The concept
of relative stiffness has been incorporated in a staged
assessment procedure (Mair et al. 1996) and applied
extensively to actual projects (Burland et al. 2001).
Centrifuge experiments have been recently performed on beam models of different weight and stiffness subject to tunnelling (Farrell 2010). The results
demonstrated that the soil-structure interaction is connected to the development of a gap between the
structure and the soil, which has no tensile strength.

The occurrence and magnitude of the gap depends
on the type of structure and the amount of tunnelling
induced ground loss. These tests suggest that an accurate simulation of the building response depends on
two elements, in addition to the correct evaluation of
the relative stiffness of the structure: the inclusion of
the building weight and the modelling of the no tension
soil-structure interface.
The effect of building weight has been numerically
analysed by Franzius (2003) under the assumption that
for realistic values of weight and ground loss no gap
can develop between the soil and the building. The
effect of the building weight was found to be negligible with respect to the effect of the relative stiffness. A
no-tension interface between the structure and the soil
has been adopted by Rots (2000) to reduce the effect
of a greenfield settlement profile directly applied to
the structure; nonlinear interface elements between
the soil and the structure were used in subsequent
numerical studies on building response to differential
settlements (Boonpichetvong and Rots 2004, Netzel
2009, Giardina et al. 2013).
In this paper, the interaction between building stiffness and weight is investigated through finite element
modelling of different structures subject to tunnelling.
First, a simplified model with a power law relationship between the soil stiffness depth is evaluated by
comparison with experimental results. Second, the
importance of using a no tension soil-structure interface is assessed. Finally, the validated model is used to
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Figure 2. Numerical model: loads and boundary conditions.

Figure 1. Experimental model (Farrell, 2010).

perform a parametric analysis on the effect of building
weight.

2

EXPERIMENTAL TEST

The numerical model adopted in this research reproduces the centrifuge test of Figure 1 (Farrell 2010).
In the experiment, the volume loss induced in plain
strain conditions by a tunnel excavation was simulated
in a high resistant steel box containing fine dry sand.
Four aluminium beams with length L = 400 mm and
different heights H = 1.6, 5, 10 and 20 mm (STR-1
to STR-4) were added to the centrifuge package in
order to evaluate the soil-structure interaction. The
beams were located symmetrically about the tunnel
axis. The experimental model was subject to an acceleration of 75 g and therefore reproduces the behaviour
of a prototype 75 times larger. The displacements
of the soil and the structures during the centrifuge
spin-up and as an effect of the incrementally applied
volume loss were monitored by using the Particle
Image Velocimetry (PIV) method. Laser and Linear
Variable Differential Transducers (LVDTs) provided
additional measurements of surface and subsurface
displacements.

Figure 3. Maximum settlement above the tunnel.

The quadratic line interface elements were characterised by no tension, high stiffness in compression
and low stiffness in shear.
Figure 3a shows the maximum displacement of the
soil surface (z = 0) and subsurface (z = 60 mm) measured during the experimental greenfield test by laser
and LVDTs, respectively. These displacements were
used to calibrate the linear and power law relationship between the soil stiffness and depth (Fig. 3b).
The nonlinear elasticity provides a better fit to the
experimental curve, being capable to capture the
decrease of settlement due to the increased confining
stresses. This model has been adopted in the next
analyses.
4

3

NUMERICAL MODEL

A schematic of the finite element model loading and
boundary conditions is shown in Figure 2. The analysis was initially performed without a surface structure
(greenfield conditions); subsequently the four aluminium beams experimentally tested were modelled.
For each model the stresses due to the centrifuge
spinning-up were first evaluated by incrementally
applying a vertical acceleration of 75 g. Then the soil
elements corresponding to the tunnel were removed
and a radial pressure proportional to the stress calculated in the previous stage was gradually applied
towards the tunnel axis, up to a volume loss of 4%.
The soil was modelled by quadratic plane strain elements with two alternative constitutive laws: a linear
and a power law relationship between the stiffness
modulus and the depth of the soil. The aluminium
beams were modelled as quadratic plane strain elements with linear elastic properties. A nonlinear interface was inserted between the soil and the structure.

MODEL VALIDATION

Selected experimental results were used to validate the
numerical model and to assess the need to include a
no-tension interface between the soil and the structure.
4.1 Soil modelling
The nonlinear elastic model of soil provides a good fit
to the greenfield settlement profile of the soil surface
as monitored during the experimental test (Fig. 4). In
particular, the power law relationship offers a settlement trough narrower than the one predicted by the
linear elastic model (Fig. 4b). This allows a more realistic simulation of the ground distortion that would
affect a surface structure and therefore offers a more
reliable base for the evaluation of the soil-structure
interaction effect.
Figure 5 shows the contour plot of the soil vertical displacements with and without surface structures.
The comparison between numerical and experimental results indicates that the model can capture the
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Figure 4. Greenfield vertical displacements.

offers a good prediction of the gap magnitude for all
the analysed structures (Fig. 7b).

5

Figure 5. Contour plot of soil vertical displacements. From
top to bottom: greenfield case, STR-1, STR-3 and STR-4.

increase in settlement trough width due to the presence
of the aluminium beam. This is especially evident for
the stiffest and heaviest structure (STR-4).
4.2

Use of a soil-structure interface

Tunnelling induced soil displacements are affected by
the interaction between the soil and the structures.
Depending on its relative stiffness and weight, the
structure may experience deformations which differ
considerably from the greenfield surface displacement. Figure 6a shows the vertical displacements of
the most flexible (STR-1) and stiffest (STR-4) tested
beams. STR-1 follows the greenfield trough, while
STR-4 exhibits a reduced curvature and tends to embed
into the soil at its ends, where the beam settlements
become larger than in the greenfield case.
This behaviour is the result of two mechanisms: the
reduction of the soil deformations due to the structure and the formation of a gap between the soil and
the structure base. The response of the stiffest structure, in fact, is accurately predicted by the numerical
model only if a no-tension interface is inserted between
the soil and the beam. Figure 6b shows that without
interface the structure would be pulled by the subsiding soil, reaching a final deformation in between the
experimental test and the greenfield case.
This interpretation is supported by the experimental
measures of the soil-structure gap (Fig. 7a). The model
with the interface captures the increase of the gap as
the beam stiffness and the volume loss increase. It also

PARAMETRIC STUDY

The effect of building weight on gap formation and
therefore on beam deformations and soil displacements was investigated through a parametric study.
Different weights were assigned to the four structures tested by Farrell (2010). The list of variations
is reported in Table 1.
Each structure (STR-1 to STR-4) has a different
bending (EI ) and axial (EA) stiffness, where E is the
Young’s modulus, I is the second moment of area of
the cross section and A is the cross sectional area of
the beam. The values of EI and EA for the analysed
prototypes are shown in Figure 8a.
The values from σ1 to σ4 in Table 1 indicate the
applied weight in terms of vertical stresses acting at
the structure base: 10, 30, 50 and 100 kPa. They correspond to the stresses acting at the base of real buildings
of 1, 3, 5 and 10 storeys, respectively (Franzius 2003).
Weightless (σ0 = 0) and infinitely flexible (STR-0,
with EI0 = 0) cases are also included. The structure
STR-0 with σ0 corresponds to the greenfield case.
Figure 8b visualises the selected variations in terms
of bending stiffness and base stresses.

6

RESULTS

The effect of building weight is first evaluated in
terms of beam deflection. Figure 9 shows the vertical
displacements of the structure for selected values of
bending stiffness and volume loss. As observed in the
centrifuge experiments, the simulations results indicate that the displacements increase with increasing
beam flexibility and applied volume loss. For each
structure, the beam weight can also have a substantial effect on the settlement magnitude: in the range
of assumed weights and for large volume losses, when
the structure undergoes a significant loading the beam
settlements can increase up to 70%.
For relatively stiff structures, this effect is connected
with the embedding of the structure into the soil, which
is indicated by the vertical displacements at the two
ends of the beam (Fig. 9d). Furthermore, the weight
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Figure 6. Structure vertical displacements.

Figure 8. Bending stiffness, axial stiffness and base stress
at the prototype scale for the parametric variations performed
in this study. The red squares indicate the beam properties of
the experimental tests by Farrell (2010).

Figure 7. Soil-structure gap.
Table 1. Parametric variations.
STR-0 σ0
STR-0 σ1
STR-0 σ2
STR-0 σ3
STR-0 σ4

STR-1 σ0
STR-1 σ1
STR-1 σ2
STR-1 σ3
STR-1 σ4

STR-2 σ0
STR-2 σ1
STR-2 σ2
STR-2 σ3
STR-2 σ4

STR-3 σ0
STR-3 σ1
STR-3 σ2
STR-3 σ3
STR-3 σ4

STR-4 σ0
STR-4 σ1
STR-4 σ2
STR-4 σ3
STR-4 σ4

has an effect on the development of the soil-structure
gap: Figure 10d shows how the increase of weight tends
to make the structure follow the soil displacements
and therefore to reduce the gap.
In the current procedures for assessing the building
response to tunnelling, the influence of structures on
the greenfield settlement profile is measured by the
modification factors:

where  is the relative deflection, defined as the
maximum displacement relative to the straight line

Figure 9. Vertical displacements of structures.

connecting the two ends of the building base, Lsag and
Lhog are the building lengths in the concave (sagging)
and convex (hogging) part of the settlement profile,
and (/L)gr is the deflection ratio that would occur
without the structure. MDR is associated to the relative
stiffness ρ∗ of the building with respect to the soil.
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Figure 10. Gap between the soil and the structure.

Figure 12. Deflection ratio modification factor vs stresses at
the structure base normalised to the relative bending stiffness.

increased modification factor. This demonstrates the
interaction between the effects of building weight and
relative stiffness, which both affect the evaluation of
the modification factors.
To offer a measure of the weight effect independent of the building flexibility, Figure 12 presents the
modification factors as a function of the stresses at
the structure base normalised by the relative stiffness.
The results show a general trend of increase in the
modification factors when increasing the normalised
weight. The results suggest that the ratio between the
building weight and the relative stiffness could be
integrated in the current definition of relative
stiffness of the structure.

7

Figure 11. Deflection ratio modification factor vs relative
bending stiffness.

According to Farrell (2010) and Goh and Mair (2011)
ρ∗ can be defined in sagging and hogging zone as:

where Es is the soil characteristic stiffness.
The results of the parametric study in terms of relation between the modification factors and the relative
stiffness are illustrated in Figure 11. For increasing
values of relative stiffness MDR reduces in both sagging and hogging areas, since a rigid beam exhibits a
smaller deflection with respect to the greenfield profile. However, this effect is reduced by the increase
in building weight, which makes the building deformations follow the soil settlements more closely:
for all the structures a higher loading leads to an

CONCLUSIONS

A finite element model of a tunnel excavation in fine
dry sand under aluminium beams of different stiffness
was validated through comparison with the results of
centrifuge tests.The use of a relative simple soil model,
with stiffness increasing with the depth according to a
power law, effectively reproduced the experimentally
measured greenfield displacements caused by tunnel
excavation. The use of a no-tension interface between
the soil and the structure base was necessary to simulate the building deformations and the soil-structure
gap. A sensitivity study highlighted the role of the
building weight on the structural response in terms of
beam deflection and gap formation: with increasing
weight, the settlements increase and the soil-structure
gap reduces as the beam tends to follow more closely
the vertical displacements of the soil. The presentation
of results in terms of weight normalised by the relative
stiffness demonstrated the potential value of including this parameter in the assessment of the structural
response.
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