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ABSTRACT: Numerical modelling of soil-foundation-building response due to tunnelling is presented in this
paper. An overview of parametric studies for the future development of an improved damage classification system
is given. The adopted numerical models allow for all possible inelastic factors in soil, soil-structure interface
and buildings. It is demonstrated that the implementation of the soil-structure interface model in the numerical
analyses is essential for the determination of strain transmitted from the soil to the buildings.

1

INTRODUCTION

From the past experiences, ground movements associated with tunnelling activities may endanger safety
and serviceability of surrounding buildings. Reliable
prediction of cracking in the surrounding structures
is indeed essential to assess the risk of tunnelling
projects. With the aid of numerical tools like the Finite
Element Method (FEM), engineers can predict building and soil response of this soil-structure interaction
problem and necessary mitigating measures can be
designed.
At Delft University of Technology, the research
project entitled “computational modelling of tunnelling induced settlement damage to masonry buildings” is established on the numerical modelling aspect
(Boonpichetvong & Rots 2002, Boonpichetvong
et al. 2003). Attention points are both computational
mechanics (i.e. development and improvement of
existing models in DIANA) and computational modelling (i.e. application of the improved models to the
soil-structure interaction problem). The final aims are
to understand the behaviour of cracking in buildings
due to the tunnelling activity and to distribute the
knowledge to the design community.
Presently at the final stage of the research, a series
of detailed numerical analyses has been carried out to
study the influence of each interacting parameter on
building response due to tunnelling for both shallow
and deep foundation systems (Figure 1). These parametric studies include an investigation of the influence
of different building geometries and locations, different soil types and different fracture properties of
building materials on the induced settlement damage.
The numerical results serve as inputs for a companion project to interpret the FEM outputs of cracking

Figure 1. Influence of tunnelling on buildings with shallow
and pile foundations.

patterns, crack-width and crack distribution and to
relate these findings to the development of a damage
classification system (Netzel 2004).
In this paper, an overview of such parametric studies
is summarized. The emphasis is given to consideration
of all possible nonlinear factors in the numerical analyses i.e. cracking of building materials, slipping and
gap opening of soil-structure interface, and nonlinear soil behaviour. Our scope presented in this paper
is restricted to the building response with shallow
foundation.

2 THE PARAMETRIC STUDY
2.1

Soil-structure interaction responses due to tunnelling
were largely investigated in the past e.g. the works
by Addenbrooke (1995), Liu (1997). The crack model
adopted in their studies is either a no-tension crack
model or a conventional Tresca elastoplasticity model.
The features of so-called tensile softening, which
play an important role in post-cracking behaviour, are
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Background

missing in their numerical analyses (Boonpichetvong &
Rots 2004a). The characterisation of tensile-softening
in crack models has proven to give a good correlation
between numerical results and various fracture experiments available e.g. Rots (1988). So far, the proper
inclusion of fracture mechanics to predict the cracking
damage in this large-scale fracture problem appears to
be a challenging issue.
Another major restriction is the characterisation of
the soil-structure interface. In those works, the building models are rigidly tied with the ground models.
This implies an enforcement of continuity along the
boundary between the building and the soil domains.
Inevitably, ground strains are transferred to the building model without a possibility to capture a gap
opening and a shear sliding along the soilstructure
interface. The behaviour of soil-structure interaction can be improved if interface elements with a
proper interface characterisation are inserted along the
ground-structure boundary.
In this paper, the second restriction is elaborated to
elucidate the influence of soil-structure interface on
the coupled response.
2.2

Figure 2. (a) An example of 3D coupled soil-structure
modelling and (b) the 3D effect of soil stress distribution.

Computational model

In the studies, 2D and 3D finite element models have
been developed for different purposes. The proper
stress distribution from above-ground structures to
underlying soil thus the realistic soilstructure interaction can only be captured by 3D computational
analyses (Figure 2). However, due to excessive computational expense required in 3D analyses, the parametric studies are primarily focused on the 2D numerical
modelling. This is justified by the fact that the understanding of 3D response can be related to the simplified 2D response. Therefore, only for the special
correlation of 2D numerical results to 3D numerical
results, 3D numerical analyses are then performed.
Herein, only 2D analyses are discussed for the rest
of the paper.
2.2.1 Greenfield model
2D plane strain analyses with plane strain 8-noded
quadrilateral elements for soil continuum are taken
to characterise 2D greenfield ground movements.
The modified Mohr-Coulomb soil is adopted for the
sandy ground response. The nonlinear properties of the
ground are assumed to be isotropic, homogeneous and
normally consolidated (OCR = 1) in each stratum. The
stiffness of soil is stress-dependent accounting for the
initial situation and stress path of soil. The four values of soil’s triaxial loading stiffness E50,ref = 5, 10,
50 and 100 MPa are selected in the parametric studies.
The ground model’s geometry is 44 m deep and 100 m
wide with tunnel diameter of 9.5 m located at the depth
of 22 m from ground surface (Figure 3).

Figure 3. Finite element model of greenfield analyses revealing soil localisation due to tunnelling at the
depth of 22 m.

The greenfield model allows for the study of the
effect of the variation of tunnel depth and soil stiffness on the trough characteristics in both sagging
and hogging zones. The settlement and transverse soil
movements at both the ground surface and subsurface
half-tunnel depth are recorded for further correlation
with the findings from coupled analyses.
The simplified contraction model is used to simulate the tunnelling process. It is emphasized, that the
authors are aware of the restrictions in determining
absolute settlements with the contraction model (a
model including tail void process and grout process
gives more realistic results). The main objective of the
numerical soil-structure interaction parametric studies
is however to judge the interaction of the building with
the soil and not to predict the absolute soil and building
settlement accurately. Different greenfield settlement
profiles are therefore described in terms of relative differential settlements (angular distortion and deflection
ratio) at the location of the influenced building. The
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resulting response of the building is then used to quantify the soil-structure interaction for different degrees
of relative greenfield distortion.
2.2.2 Coupled model
For the 2D coupled analyses, in addition to the
existing plane strain soil elements, plane stress
8-noded quadrilateral elements representing unreinforced masonry are generated. Quadratic interface
elements are inserted between the underlying ground
and the wall. The inclusion of the interface elements
allows for the investigation of stress, strain and backcheck in the assumption of contact condition between
the underlying ground and the wall.
In the analyses, after a successful initialization of
the in situ initial stress in the soil, the dead load of
the masonry and the live load along each floor are
activated creating the initial situation of building. The
line load on the roof level is 7 kN/m and the loading on
the other floor levels is 10.5 kN/m. These loads include
the deadweight of the floor and roof constructions and
50% of the mobile load, which is applicable for a massive common bearing wall carrying floor loads from
two house units, which is a typical situation for the historical Dutch houses in urban surrounding. Next, the
induced settlements have been incremented by controlling the percentage of volume loss in the coupled
analyses.
Both façade and massive bearing walls are studied.
The wall geometries chosen cover the wall length varied from length (L) = 10 to 40 m with aspect ratios
(L/H) = 0.5, 1 and 3 (for example, see Figure 4). The
thickness of the masonry wall unit is assumed to be
300 mm throughout the wall height.
To predict the settlement damage for the masonry
wall, a decomposed-strain fixed smeared crack model
(Rots 1988) is chosen. The fixed crack model is preferred over the rotating crack model as it renders the
proper cracking response in case of nonproportional
loadings (Boonpichetvong & Rots 2004b). Masonry
is known to possess anisotropic properties due to
the nature of arrangement of brick units and joint
arrangement. However due to the scarce reliable testing data, the masonry is simplified to be isotropic
in the present study. The tensiles-oftening properties
of the reference masonry are assumed as follows.
Young’s modulus and Poisson’s ratio are taken as
6000 N/mm2 and 0.2 respectively. Fracture properties
of the reference masonry are chosen with a tensile
strength = 0.3 N/mm2 , fracture energy = 0.05 N/mm
with a linear softening diagram. Mass density of
masonry is 2000 kg/m3 .
2.3

Characterisation of soil-structure interface

The interaction between soil and structure is modelled
by inserting interface elements along the boundary

Figure 4. Massive wall mesh and load scheme for L/H = 3,
L = 20 m, H = 6.5 m.

Figure 5. Characterisation of soil-structure interface
elements.

of the soil and the wall in the finite element model.
These interface elements control the horizontal and
vertical stresses transferred between soil and structure.
Two conditions regarding the transfer of horizontal
movement of soil-structure interfaces are considered
representing the likely extreme scenarios i.e. rough and
smooth interface nature.
The interface element relates the stresses acting on
the interface to the relative displacement of the two
sides of the interface as shown in Figure 5a. In principle, the behaviour of the geo-material interface can be
modelled by Coulomb friction (full line in Figure 5b).
In this study, the cohesion c is taken as zero. This
implies a zero tensile strength of the stress-relative displacement relation in the normal direction of interface
(dashed line in Figure 5b). A gap is assumed to open
once such tension cut-off criterion is violated. The
normal compressive behaviour is assumed to be in the
elastic regime (Figure 5c). This normal direction relation is the same for both the rough and the smooth interface. The yield function of tangential traction τ across
the interface is controlled by the magnitude of normal
√ traction σ , cohesion c and angle of friction ϕ i.e.
τ 2 + tan ϕ − c = 0 as elastoplastic behaviour without stress hardening (Figure 5d). For the elastic regime
below the yield limit, the shear relative displacement
ut is related to shear traction via τ = kt × ut .
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For the rough interface, the normal and tangent stiffness of the soil-structure interface (kn and kt ), are taken
as 1 N/mm3 as the average number observed in soil laboratory findings. In fact, this interface stiffness serves
as a penalty value to suppress the initial elastic deformation in the interface elements. From the present
experience, higher values of interface stiffness must
be avoided to prevent the problem of stress oscillation. For the smooth interface, a very low value of kt
is adopted here to neglect any shear transfer from the
underlying ground to the above ground structures.
3

Figure 6. Consideration of all inelastic factors in the numerical analyses i.e. cracking of building materials, slipping
and gapopening of soil-structure interface, and nonlinear soil
behaviour.

SOIL-STRUCTURE INTERACTION
DUE TO TUNNELLING

As a benefit of the coupled analysis, useful information
on the relation of model parameters allows for insight
of the resisting mechanism, crack initiation, and the
final resulting damage of masonry building response.
Considering all inelastic factors in the numerical analyses i.e. the cracking of the masonry, the slipping
and gap opening of the soil-structure interface, and
the nonlinear soil behaviour enables a complete view
of the tunnelling induced soilstructure response (for
instance, see Figure 6). The key features derived from
the coupled response are a) the influence of the building weight and stiffness on the ground movement and
b) the role of the soil-structure interface in transmitting
the ground distortion and strain to the structures.
3.1

Changes of surface ground movement

The building weight affects the soil stress path history e.g. over-consolidation ratio and thus the ground
response induced by the subsequent tunnelling process. This feature can be unveiled only by the fully
coupled analysis. It is found that the building stiffness plays an important role in modifying the shape
and magnitude of the surface ground movements
(Figure 7).
3.2

Influence of soil-structure interface on
wall response

By establishing a relation among the ground response
(differential ground settlement, ground angular distortion, ground deflection ratio) and the building response
(building distortion, induced damage) for the further
development of engineering design rules, it is found
that the structural distortions are strongly influenced
by the properties of the soil-structure interface. In
addition, the relation between ground and building
distortions is revealed to depend on the ratio of soil
and building stiffness which agrees with the recent
experiment findings by Son & Cording (2005).
The relation between the building and ground distortions is determined by comparing the greenfield

Figure 7. Changes of the final ground surface movement
pattern due to the coupled soil-structure interaction, for a
wall dimensioned L = 40 m, H = 6.5 m with rough interface.

surface settlement troughs that yield the surface
ground slope of 1/450, 1/200 and 1/80 at the point
of inflection, with the wall responses at the corresponding volume loss by the coupled analyses. For
example, the development of greenfield surface settlement troughs corresponding to the specified surface
ground slopes for stiff soil with triaxial loading stiffness E50,ref = 50 MPa is as shown in Figure 8. Figure 10
depicts the corresponding development of traction and

482
Copyright © 2006 Taylor & Francis Group plc, London, UK

Figure 8. Greenfield surface settlement troughs of soil with
E50,ref = 50 MPa and different surface ground slopes at point
of inflection, i.e. at 1/450 (volume loss 1), 1/200 (volume loss
2) and 1/80 (volume loss 3).

Figure 10. Changes in traction and relative displacement
along the soil-structure interface, for a wall dimensioned
L = 20 m, H = 6.5 m with rough interface but no live load.
Figure 9. Finite element model of the discussed wall sized
L = 20 m, H = 6.5 m in the sagging situation.

relative displacement along the soil-structure interface
for a wall sized L = 20 m, H = 6.5 m with rough interface and no live load. The wall is located in the sagging
zone above the tunnel centreline. The finite element
model of the discussed wall is as shown in Figure 9.
It is observed that the normal and tangential tractions
along the soil-structure interface undergo significant
changes developed at the different values of volume
loss. Particularly, the normal pressure underneath the
wall is redistributed from the central part to the edge

of the wall. The tangential response suggests that shear
mobilisation of the interface is reached and higher
tangential slip develops with higher volume loss.
With an additional surcharge of the live load to
the same wall, the allowable shear traction increases
due to the higher confinement along the soil-structure
interface. This additional restraint results in less tangential slip along the soil-structure interface at the
same volume loss (Figure 11). The final induced wall
distortions for such two cases are given in Figure 12.
For a comparison, the response of the wall with smooth
interface and no live load is also enclosed and discovered to be the most vulnerable case for the stress and
strain in the wall. All these findings emphasise the
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Figure 12. Deformations of a wall dimensioned L = 20 m,
H = 6.5 m at volume loss 3, (a) with rough interface but no
live load, (b) with rough interface and live load and (c) smooth
interface but no live load.

study is the possible consideration of all major nonlinear factors in the numerical analyses. It is found that
the inclusion of the soil-structure interface model in
the numerical analyses is essential for quantifying the
magnitude of strain transmitted from the soil to the
buildings. This better insight of soilstructure response
due to tunnelling enables the future translation of the
present parametric studies to the development of an
improved damage classification system.
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