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ABSTRACT: In this paper results are present from parametric studies of twin-tunnelling schemes carried out
using various finite element packages. The aim is not to make comparisons with field data but to show the
differences obtained using different FE models, as might be used in a design office. The effects of varying
surface loading on the tunnels themselves are investigated and the changing effects are studied as tunnel layout
is altered.
1

INTRODUCTION

The ongoing development in the world’s urban areas
inevitably leads to the construction of structures in
close proximity to already driven tunnels. Care should
be taken to ensure that construction is carried out
without damaging the tunnels or any other adjacent
or overlying infrastructure. Considerable research has
been undertaken for the case of a single tunnel where
empirical methods for predicting tunnel induced deformations are applicable. For more complex geometries,
however, empirical methods fail to make accurate predictions since they do not account for the soil-tunnelstructure interaction mechanism. The finite element
(FE) method appears to be a solution to this prediction
problem, however many difficulties in its use remain.
The aim of this paper is to validate tools for numerical modelling of tunnelling related interactions in soft
ground.
Plenty of publications exist which study the interaction mechanism of soil, lining and a pre-existing
structure (i.e non-greenfield site) response during tunnelling operations. However the literature on the effect
of surface loading on an existing tunnel is sparse to
the authors’ knowledge. Most refer to the case of surface loading above pipes, or pile construction and pile
loading, and their effects on tunnels. The main reason
preventing engineers from dealing with the subject of
surface loading is the difficulty they face in accurately
measuring the change of stresses acting on the lining
due to the applied load. The lack of field data results
in performing merely theoretical analysis.
Peck (1969) states three conditions for successful tunnelling. The first refers to safe operation of
tunnelling works. The second requirement is the protection of adjacent structures. The final condition
refers to the tunnel’s ability to withstand all external

loads which act upon it during its service life. These
loads and their influence on tunnel lining will be considered here. According to O’Rourke (1984) linings
do not carry the total overburden weight of the overlying ground. The vertical (σv ) and horizontal (σh )
stresses instead, are re-distributed around the face due
to mobilisation of the soil shear strength and continuity. This effect is often termed “arching”. The tunnel
therefore has to withstand only the stresses which are
not “arched”. Mair and Taylor (1997) presented field
data from 12 different tunnel cases driven in London
clay. The lining load is expressed as a percentage
of full overburden weight at tunnel centre line (CL).
The data collection refers to points at one week and
one year after lining installation. These indicate that
the measured lining load even after a year is below
70% of full overburden. In most cases it varies between
40% and 60%.
Moore (1987) described a semi-analytical solution
that makes use of the Boussinesq method and other
closed form solutions to estimate the deformation of a
buried pipe (rather than a tunnel) in an infinite elastic
medium due to surface loading. 2-D FE analysis was
also employed. Provided that realistic elastic ground
properties are selected the semi-analytical method
compares well with the numerical results. This procedure can be used for estimations of hoop forces,
bending moments and ring deformations. Clearly there
are problems however with the assumption of elastic
ground.
This paper investigates the effect of surface loading
on pre-existing tunnels in soft ground assuming plane
strain conditions (2-D FE analysis). The following two
commercial FE packages are used for this purpose,
Strand7 and Plaxis. The purpose of this comparison is
to try and identify the differences in the FE predictions
by using various codes, which might be significant to
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industrial users of these programs. The reasons for not
using any analytical method (e.g. Boussinesq method)
to estimate the tunnel deformations due to surface
loading were that these methods are only applicable
to elastic medium. They do not take into account the
properties of the medium or the interaction between the
medium and any pre-existing structure in it. According
to Moore (1987) the Boussinesq method fails to take
into account the effect of shear stresses and strains
developing in the overlying strata.
2 ANALYSIS GEOMETRY
In the current plane strain analyses three different tunnel geometric configurations are considered. In the
first case a single tunnel analysis is carried out (ST
case). In the second a twin tunnel analysis is carried
out, where both tunnels are horizontally aligned (TH
case). Finally in the third case twin tunnels are vertically and diagonally aligned (TVD case). A parametric
study was performed for the above three cases varying the position of the tunnel axis (zo ), pillar width
(P), pillar depth (PD ) as well as the position of the
surface loaded area (W ). Figure 1 shows the parameters varied in this study. For the ST case (shown as a
solid circle) zo varies. For the twin tunnel configuration (where the second tunnel is presented as a dotted
circle) P and PD vary. In all cases the loaded area shifts
from W 1 to W 6. Throughout this parametric study the
dimensions of the domain (x, y), tunnel diameter (D),
magnitude (400 kN/m) and area (W ) of the applied
load were constant. Surface load was applied directly
to the surface of the finite elements hence modelling
a flexible footing. No interface elements were used
to model the existence of any type of foundations or
treatment of the ground prior to its loading.
Tunnel diameter (D) was chosen to be 4 m which
is comparable to the diameter of running tunnels for
the Underground in London (Attewell, 1978). The
dimensions of the modelled domain were chosen to
be 70 m long (or 17.5D) in the x direction and 50 m
deep (12.5D) in the y direction. For zo = 15 m and 20 m
the chosen values lie within limits proposed by Potts
et al. (2002). They suggested that for tunnels in clay
the depth of the mesh should be approximately 2D
to 3D below tunnel invert. As for the optimal width
of the domain two factors have to be considered. The
mesh has to be sufficiently wide to ensure minimal displacements along the vertical boundaries. However,
the larger the domain the larger the number of the
degrees of freedom (d.o.f). This immediately affects
the solution in terms of computational time. Hence a
compromise has to be made between these two crucial
factors. It was decided that the above dimensions were
appropriate for this study.
The surface load is constant at 400 kN/m. This magnitude was chosen to resemble the uniform stress from

Figure 1. Geometric parameters of the domain.

a 10-storey building, assuming a stress of 10 kN/m2
per storey for a 4 m wide loaded area. The latter
value over a full building width is probably unrealistic.
However, it was chosen as a worst case value (perhaps including the effect of an accidental concentrated
load) to accentuate the differences in the parametric
study. The value of 10 kN/m2 per storey was chosen
after BS 8002 (British Standards Institution, 1994)
recommendations.
The mesh in Strand7 is created and imported from
Gmsh (a freeware FE mesh generator) since Strand7
can neither produce an unstructured mesh nor can it
be as flexible as Gmsh in the pre-processing stage of
the analyses. Six-noded triangular elements are used
to model the soil, and two-noded beam elements are
used to model the tunnel lining. In Plaxis the autogenerated mesh consists of fifteen-noded triangular
elements. Curved beam elements are used to model the
tunnel lining.The reason for using different type of elements (fifteen-noded triangles rather than six-noded
triangles) compared to Strand7 is to achieve greater
accuracy. In Plaxis the user cannot import a mesh from
another software package. Thus it was entirely created
in Plaxis’s pre-processing stage. As a result differences
in the refinement are evident (Fig. 2).
The realistic determination of the initial stress conditions is of great importance in FE modelling in
geotechnics. Several approaches exist for this purpose. The most common of which is the K0 procedure
where stresses prior to any construction are initialised.
This method is only applicable for horizontal ground
surfaces and greenfield sites. This is not the case
in this study. Consequently a different approach is
adopted to simulate initial ground conditions. Tunnel
excavation is not modelled. Instead tunnels with their
permanent lining appear in the mesh as if wished in
place. Then, gravity loading is uniformly applied to the
whole domain (gravity loading method). The resulting
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Table 1. Material properties of the soil.
Type of behaviour: Elastic Region, Linear Elastic
Type of behaviour: Yield Surface, Mohr-Coulomb
Parameters

Name

Value

Unit

Young’s modulus
Poisson’s ratio
Unit weight
Cohesion
Angle of friction

E
v
γ
c
ϕ

6.207 × 103
0.33
20
5
25◦

kPa
–
kN/m3
kPa
–

Table 2. Material properties of the tunnel lining.
Type of behaviour: Linear Elastic
Parameters

Name Value

Young’s modulus
E
Cross Sectional Area
A
Second Moment of Area I
Unit weight
γs
Poisson’s ratio
vs

Figure 2. Generated mesh for the TVD case when
zo,1 = 15 m for the upper tunnel, zo,2 = 20 m for the lower
tunnel and P = 1D. The upper figure refers to the Strand7
mesh while the lower to the Plaxis mesh.

displacements are then set as the zero datum for the
subsequent steps of the analysis. The stratigraphy is
the same throughout the analysis. This consists of one
clay layer, the characteristics of which are presented in
Table 1. Undrained analyses are performed throughout
using effective stiffness parameters. As for the boundary conditions, in plane strain analysis no horizontal
or vertical movements are permitted along the horizontal boundary at the base of the mesh. On the two
vertical mesh boundaries, only vertical movements are
allowed. The top mesh boundary is free to move.
The beam elements used to model the lining are
assumed to behave in a simple linear elastic way.
Thus two parameters (Young’s modulus E and Poisson’s ratio v) are required for this model. Table 2
shows the full characteristics of the lining, including the geometrical properties. Soil does not behave
in a linear nor an elastic way. Thus a more realistic
and advanced constitutive model should be adopted.
A simple elasto-plastic constitutive model is therefore
used. For the plastic region Mohr-Coulomb yield criterion with associated flow is used in Strand7 while
non-associated flow is used in Plaxis. A valid criticism here is that this elasto-plastic model is still too

108
0.168
3.95136 × 10−4
24
0.3

Unit
kPa
m2 /m
m4 /m
kN/m3
–

crude for accurate analysis of this problem, which is
true. However the use of this model matches much of
the routine analysis carried out for tunnelling problems in design offices. The purpose of the paper is
not to provide a link to field data but to demonstrate
the different predictions which follow from the use of
different FE models.
In all calculations carried out the analysis procedure began with the tunnels driven and the permanent
lining installed. Displacements from this stage are not
measured. Two load stages are then defined. During
the first gravity load is applied to the mesh. In the following stage the surface load (400 kN/m) is vertically
applied to the pre-defined surface areas (W 1 to W 6).
The displacements due to the first load stage are considered as the zero datum. Thus only those predicted
by the FE analysis due to the second stage (surface
loading) are examined.
3
3.1

RESULTS
Strand7 FE predictions

In this section findings are presented for the case of
surface loading above pre-existing twin tunnels which
are horizontally aligned (TH case). Figure 3 presents
the lining deformations (scaled up) of the first tunnel (Fig. 1) when zo,1 = 15 m and P = 1D due to the
effect of surface loading only (dotted circles). This
is then compared to the original tunnel shape prior
to any loading stage (thick circle). The first obvious
outcome is that the whole tunnel seems to squat. In
other words there is an elongation of the horizontal
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Figure 3. Deformed shape of the first tunnel (TH case) due
to the surface loading for six different loaded areas. The
tunnel axis is driven at zo,1 = 15 m and P = 1D.

Figure 4. Changes of horizontal and vertical tunnel diameters of the first tunnel (TH case) expressed as a percentage of
the initial tunnel diameter due to the surface loading against
the position of the applied load when zo,1 = 15 m.

diameter with a simultaneous decrease of the vertical.
Further to this obvious vertical translation a secondary
type of movement seems to occur coincidentally. The
deformed lining seems to slightly rotate anti-clockwise
opposing the position of the applied surface load as this
shifts towards W 4. Similar predictions were identified
for the ST and the TVD cases.
Figure 4 shows plots of the change of tunnel diameter (as a percentage of the initial tunnel diameter)
against the relative position of the surface loaded area
for the first tunnel (TH case). The thin lines refer
to the horizontal tunnel diameter (along springlines).
The dotted lines on the other hand refer to the vertical (crown to invert). An increase of the horizontal
diameter with a simultaneous decrease of the vertical
is observed. The maximum increase of the horizontal
diameter as well as the maximum decrease of the vertical (0.8% of the tunnel diameter) occurs when the
surface load is directly applied above for zo,1 = 15 m.
Thus, a clear trend for the magnitudes of these changes
can be identified. These changes appear to fade as
the load is applied further away from the tunnel’s
centre line.

Figure 5. Plots of the crown settlements due to loading of
the first tunnel in the TH case as a percentage of the ST case
for various surface loading areas and two different tunnel
depths.

Figure 6. Plots of the crown settlements due to loading of
the first tunnel (TVD case) as a percentage of the ST case for
various surface loading areas when zo,2 = 20 m.

For the TH case crown settlement predictions from
the first tunnel are plotted (Fig. 5) as a percentage of
the single tunnel case against the position of the surface
loaded area (W ) for two different depths (zo,1 = 15 m
and 20 m) and for three different pillar widths (P = 1D,
2D and 3D). Thin lines refer to the shallow case while
dotted to the deeper. It can be seen that greater interaction occurs for the shallow tunnel case since there
is a difference of 5% to 15% compared to the single
case. For the deeper case results are almost identical
to the single. This implies less or even no interaction
between the two parallel driven tunnels.
For the TVD case crown settlement predictions from
the first tunnel are plotted (Fig. 6) as percentage of
the ST case against the position of the surface loaded
area (W ) for different pillar widths (P = piggy-back,
0 and 1D) when zo,1 = 15 m and zo,2 = 20 m. It can be
observed that a small amount (less than the TH shallow
case) of interaction exist (none to 6%) compared to
the ST results. Greater interaction appears between the
tunnels when they are closely spaced (P = piggy-back
and 0) of approximately 5%. When the lower tunnel is
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Figure 7. Changes of horizontal and vertical tunnel diameters due to the surface loading expressed as a percentage of
the tunnel diameter against the position of the applied load
when zo,1 = 15 m.

driven further away (P = 1D) less interaction between
the two vertically aligned tunnels occurs (none to 3%).
3.1.1 Comparison of the different cases in Strand7
In this section the FE predictions regarding the first
tunnel (in the TH and the TVD cases) are compared
with the predictions regarding the single tunnel (ST
case) in order to investigate the interaction mechanism
of soil-tunnel-structure in 2-D. The above mentioned
comparison is made in terms of lining deformations.
The FE predictions regarding the first tunnel (TH and
TVD cases) are smaller than those regarding the ST
case. This is a first indication of the existence of interaction. In both of the compared cases the shape of
the tunnels seems to squat while the reduction of the
vertical tunnel diameter equals to the increase of the
horizontal. The maximum lining deformation occurs
when the surface load is applied at W 2. No lining
deformation is predicted when the load is applied at
W 6 (Fig. 4) which indicates that at that distance the
interaction ceases.
In total it seems that interaction occurs within the
region of W 1 to W 4 (P ≤ 2D) and then for (P ≥ 3D) it
starts to reduce (Fig. 4). Greater interaction is predicted
in the TH case compared to the TVD case. This implies
that the existence of the lower tunnel (TVD case) does
not contribute to the complex interaction mechanism
in the same way as it does the second tunnel in the TH
case (Fig. 1).
3.2

Plaxis FE predictions

Figure 7 is akin to Figure 4. This graph indicates that
the maximum change of D (Roughly 0.8% of the tunnel diameter. These predictions are in agreement with
Strand7) regarding the first tunnel (TH case) occurs
when the load is applied directly above. As the load
shifts further away these changes reduce towards zero
(no change of D). However when the surface load
is applied at its furthest possible distance, the vertical diameter is seen to increase while the horizontal
reduces.

Figure 8. Plots of the crown settlements due to loading of the
first tunnel in theTH case as a percentage of the ST predictions
for various surface loading areas and two different tunnel
depths.

Figure 9. Plots of the crown settlements due to loading of
the first tunnel in the TVD case as a percentage of the ST case
for various surface loading areas when zo,2 = 20 m.

Figure 8 shows the interaction between the first
tunnel (TH case) and the surface load compared
to the single tunnel case (ST) for two different
depths (zo,1 = 15 m and 20 m) and three different pillar widths (P = 1D, 2D and 3D) in terms of crown
settlements (similar to Fig. 5). Thin lines refer to the
shallow case while dotted refer to the deeper case. It
can be seen that Plaxis predictions for the TH case are
almost identical to the ST case results (i.e. almost no
interaction between the two parallel tunnels). This picture is different to the Strand7 results especially for the
shallow case.
Figure 9 shows the interaction between the two tunnels and the surface load in the TVD case compared to
the (ST) case in terms of crown settlements for different pillar widths (P = piggy-back, 0 and 1D) when
zo,1 = 15 m and zo,2 = 20 m (akin to Fig. 6). It can
be observed that a small amount of interaction exists
(none to 5%) compared to the ST case predictions.
Results are similar compared to the TH case from W 1
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flow was used in Strand7 while Plaxis used nonassociated flow. According to Potts and Zdravkovic
(1999) the latter way of modelling real soil
behaviour is more realistic than the first, although
given the loading in this problem it is perhaps not
significant.

to W 3. As the surface load shifts towards W 4 though a
difference in the prediction of interaction is identified.
3.2.1 Comparison of the different cases in Plaxis
FE predictions regarding the first tunnel (in the TH and
the TVD cases) are compared with those in the ST case.
The maximum deformation of the tunnel lining occurs
when the load is applied at W 2 forcing the tunnel to
squat. These deformations reduce as the load shifts
towards W 5. At W 6 though the load seems to produce
an ovalisation of the lining with the vertical tunnel
diameter greater than the horizontal (in contrast to the
previous load cases). In general Plaxis predicts similar
amount of interaction between the two different tunnel
geometric configurations (TH and TVD).

From the above it is clear that differing predictions
can be found from routine use of two FE modelling
packages. Greater detail of this and an extended study
of this problem can be found in Koungelis (2007).
Such differences in predictions may not be important
but without undertaking such studies that fact will be
difficult to assert in most cases.
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4

DISCUSSION

In the current paper 2-D FE predictions were presented
investigating the effect of surface loading above preexisting tunnels driven in soft ground. Two different
FE packages were used for this purpose to compare
and validate the produced results. Several parametric
studies were carried out varying the excavation depth,
the pillar width, the pillar depth and the position of the
surface loaded area. The general trend between the two
FE packages regarding the lining distortions and the
crown settlements was similar. Both packages predict
that when the surface load is applied within the region
of W 1 to W 4 [i.e. a horizontal distance of P ≤ 2D from
the first tunnel (TH case and TVD cases)] the existence
of the interaction mechanism was evident regardless
of the tunnel geometric configuration. Further from
that distance no interaction occurred.
Small differences in the predictions between
Strand7 and Plaxis occurred. Strand7 in particular predicted the existence of stronger interaction mechanism
for theTH case compared to theTVD case. Plaxis on the
other hand predicted a similar amount of interaction
between the two different tunnel geometric configurations and smaller compared to Strand7 predictions.
These differences are attributed to the following three
factors:
– Different types of finite elements were used to
model soil in the domain. Six-noded triangles were
used in Strand7. Even though this type of finite
element was available in Plaxis as well, it was
decided that the fifteen-noded triangle should be
used instead for greater accuracy.
– Different meshes were generated between the two
FE packages. The reason was that in Plaxis the user
cannot import a mesh as in Strand7.
– Finally, even though the same elasto-plastic soil
model with the Mohr-Coulomb failure criterion
was used between the two FE packages, the plastic potential function was different. Associated
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