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Centrifuge modelling to investigate soil-structure interaction mechanisms

resulting from tunnel construction beneath buried pipelines

A.M. Marshall & R.J. Mair
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ABSTRACT: New underground construction is undertaken increasingly close to existing buried structures.
The resulting effects on these structures must be properly evaluated. This paper examines the case of tunnel
construction built transversely to existing buried continuous pipelines using data obtained from tests within the
University of Cambridge Geotechnical Beam Centrifuge. This research aims to visually validate hypothesized
soil-structure interaction mechanisms that account for pipeline behaviour. This is accomplished by placing the
tunnel-soil-pipeline system directly against a Perspex wall within the centrifuge package so that digital images
can be taken of the soil and buried structures. Particle Image Velocimetry (PIV) is used to measure displacements
and provide a complete description of the soil-structure interactions.

1 INTRODUCTION

Beneath the surface of any major city is an intricate
and increasingly congested series of tunnels, pipelines,
and buried structures. New tunnels are constructed
for various purposes and form an important part of
urban infrastructure. Tunnel construction has varying
effects on surrounding ground depending on soil type
and construction process (Mair and Taylor, 1997). The
design of new tunnels must account for likely effects
on nearby buried structures.

Analytical methods for this problem typically fall
within three categories: [1] finite element (FE) or
finite difference (FD) methods, [2] Winkler-type mod-
els, and [3] continuum solutions. Winkler models and
continuum solutions generally provide quick solutions
(see for example Attewell et al., 1986; Klar et al.,
2005; Vorster et al., 2005; Klar et al., 2007) however
they all have similar simplifying assumptions that limit
their applicability. Klar & Marshall (2007) validated
some of the simplified assumptions of the continuum
method by comparison with more rigorous shell struc-
ture solutions. FE and FD methods are best suited for
the problem because they can incorporate the complex
tunnel-soil-pipeline interactions. For these models to
be applicable, they must be validated against real soil
and soil-structure behaviour.

Vorster et al. (2005) proposed a series of global
and local soil deformation mechanisms to account
for observed pipeline behaviour above a tunnel dur-
ing centrifuge testing. The proposed mechanisms are
based on deformation and stress measurements made
within the soil mass.

Figure 1. Centrifuge package.

The current research aims to elucidate the soil-
structure interaction mechanisms that account for the
behaviour of existing tunnels and buried pipelines
located above new tunnel construction by providing
visual evidence of soil and structure deformations.
This is accomplished by performing similar tests to
those described in Vorster et al. (2005) but with a new
centrifuge package that places the tunnel-soil-pipeline
system adjacent to a Perspex wall such that digital
images of the system can be analyzed using Particle
Image Velocimetry (PIV).

2 CENTRIFUGE PACKAGE

A centrifuge package was developed that allowed
visual observations to be made of the soil, model
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Figure 2. Schematic of centrifuge package.

tunnel, and buried pipeline. In doing so, digital images
could be taken during the test and PIV (White et al.,
2003) could be used to accurately measure soil and
structure displacements.

Figures 1 and 2 present the developed centrifuge
package. The relevant components are labelled as
follows:

A: The model tunnel: composed of a stiff inner
cylinder, fixed within the box walls, and sealed within
a flexible rubber membrane. Fluid is extracted from
within the sealed rubber membrane to replicate tun-
nelling volume loss;

B: Three 8 megapixel digital cameras. These are
used to photograph the soil and buried structures for
PIV analysis;

C: Five lasers used to measure surface vertical
displacements within the middle third of the box
where boundary effects are negligible (see Figure 2
for locations);

D: Five linear variable differential transformers
(LVDTs) used to measure subsurface vertical displace-
ments within the middle of the box and at a depth of
70 mm, corresponding to the axis of the model pipeline
(see Figure 2 for locations);

E: The model pipeline: consists of an aluminium
half-cylinder with a length of 700 mm, an outer radius
of 9.5 mm, and a wall thickness of 1.6 mm.

All tests were performed at 75 g using dry Leighton
Buzzard fraction E sand at a relative density of
approximately 90%.

3 BASELINE TESTS – NO PIPELINE

Two tests were completed in which no model pipeline
was included.These tests served two purposes: first, to
investigate the effects of placing a layer of glass at the
Perspex interface (thought to reduce boundary effects)
and second, to obtain baseline displacement data for
the simulation of tunnelling in sand.

Figure 3. Vertical soil displacement data for a) surface mea-
surements with glass interface, b) sub-surface measurements
with glass interface, c) surface measurements with Perspex
interface, and d) sub-surface measurements with Perspex
interface.

Volume loss (VL) is used as a reference through-
out the following text. Two methods of determining
volume loss are referred to and are defined as follows:

1 Tunnel volume loss: the change in tunnel vol-
ume (or volume of fluid extracted from the
model tunnel) divided by the original total tun-
nel volume, expressed as a percent (VLtunnel =

�Vtunnel/Vtunnel × 100)
2 Soil volume loss: calculated by integrating the soil

settlement profile at a given depth and dividing by
the original tunnel volume, expressed as a percent
(VLsoil =Vtrough/Vtunnel × 100).

3.1 Assessment of boundary friction using glass
and Perspex

Boundary effects are an issue when obtaining PIV data
from centrifuge tests. An assessment of the boundary
effects on the obtained PIV results was carried out by
comparing the PIV displacement data to that obtained
from the lasers and LDVTs which were placed within
the middle third of the thickness of the box (where
boundary effects are negligible). Glass is often used as
an interface between the soil and the Perspex wall when
performing PIV tests because it is harder than Perspex
and therefore prevents sand grains from scraping into
the Perspex at high stress levels (a phenomenon which
causes increased boundary friction).

Two tests were carried out: one with glass and one
with Perspex alone. Figure 3 presents a comparison
between the PIV centreline data (directly above the
tunnel) and the surface (laser) and sub-surface (LVDT)
data, for both the glass and a Perspex interface tests.
Figure 3 shows very good correlation between the
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PIV data and that obtained from measurements made
within the middle of the box for both glass and Per-
spex interfaces, indicating very little friction at the
interface.

The use of glass caused optical problems (coloured
zones caused by refraction of light) which affected the
quality of the PIV analysis. It was therefore decided
that glass would not be used since the PIV displace-
ment data was effectively the same for glass and
Perspex.

The reason for the departure of the PIV data from the
general trend in Figure 3b) at a tunnel volume loss of
about 3.7% is not known. It may be a result of soil loss
between the glass and the Perspex around the model
tunnel. This potential problem was addressed in sub-
sequent tests by sealing circumference of the tunnel
ends with grease.

3.2 Tunnelling in sand

The baseline tests provided useful data regarding the
effects of tunnelling in sand. Figure 4 presents the vari-
ation of volume loss at various depths within the soil
for a) the baseline test with a glass interface, and b)
the baseline test with a Perspex interface. The 1:1 line
represents the volume loss of the model tunnel. When
the slope of a line is greater than 1, the soil is experi-
encing a volume loss that is larger than that provided
by the volume loss in the tunnel.

Figure 4 illustrates that the value of volume loss
for sands is not unique. In clays, it is correctly
assumed that volume loss does not change with depth
(undrained case, constant volume) and therefore calcu-
lation of volume loss derived from surface settlements
should give an accurate estimate of volume loss within
the tunnel. However, estimation of tunnel volume loss
using soil displacement data is not so simple for sands.
As Figure 4 illustrates, it depends very much on the
magnitude of tunnel volume loss achieved. The trend
of soil volume loss presented in Figure 4 was also
noted by Vorster (2005) and Jacobsz (2002) for similar
centrifuge tests in sands.

Examining Figure 4, we observe that the surface
and sub-surface volume loss are very similar up to a
tunnel volume loss of about 0.5%, after which the vol-
ume losses calculated at different depths within the soil
diverge. The maximum ratio of surface volume loss to
tunnel volume loss is 1.38 for the glass interface test
and 1.67 for the Perspex interface test. This maximum
ratio occurs at a tunnel volume loss of between 1.0
and 1.2%. As tunnel volume loss is increased further,
the rate of change of soil volume loss relative to tun-
nel volume loss begins to reduce. Surface volume loss
falls below tunnel volume loss at a tunnel volume loss
of between 2.3 and 2.6%. The slope for the subsurface
soil nearest to the tunnel is shown to increase to about
1 after a tunnel volume loss of approximately 3%.

Figure 4. Soil volume loss at various depths compared to
tunnel volume for test with a) glass interface, and b) Perspex
interface (VLsoil calculated using PIV displacement data).

Figure 5 presents a probable explanation for some
of the results shown in Figure 4 by examining volu-
metric strains within the soil (derived from the PIV
analysis of the Perspex interface test). Figure 5a) illus-
trates that at a low volume loss of 0.54%, the soil is
generally in a contractive mode in a fan-shaped zone
above the tunnel. This explains the tendency towards
larger soil volume losses at lower tunnel volume losses
in Figure 4. As tunnel volume loss is increased to 1%
and higher, a local zone of dilation develops in the soil
above the tunnel. As this dilatant zone grows in size
and magnitude, it compensates for the contractive soil
above it and results in lower calculated values of soil
volume loss, thus reducing the slope of the lines in
Figure 4.

4 PIPELINE ABOVE TUNNEL

Centrifuge testing of a model pipeline placed trans-
versely above the tunnel was performed in order to
investigate soil displacements and structural behaviour
of the pipe.
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Figure 5. Development of volumetric strain as tunnel vol-
ume loss is increased (from PIV data of Perspex interface
test).

The relevant dimensions of the test are given in
Figure 1. In prototype scale, the test represents a 4.65 m
diameter tunnel constructed at a depth of 13.65 m and
running transversely beneath a 1.43 m pipeline buried
at a depth of 5.25 m. The tunnel cover to diameter ratio
(CT/DT) is 2.4 while the pipeline cover to diameter
ratio (Cp/Dp) is 3.1.

Bending moment data was obtained using the dis-
placement data of the pipeline provided by the PIV
analysis (Fig. 6). The vertical deflection data of the
pipeline was found to fit well to a modified Gaussian
curve (Equation 1) in the form presented by Vorster
et al. (2005).

where Sv = vertical displacement of pipe lining;
x = offset from tunnel centreline; Smax = maximum
vertical displacement of pipe lining; i = distance to
inflexion point of the displacement curve; n = shape
function parameter to control the width of the displace-
ment curve; and α = parameter to ensure i is consistent
with the Gaussian curve presented by Peck (1969).The
optimum fit was obtained using i = 55 mm and α =

0.01 (resulting in n = 0.03). Note that when α = 0.5
(n = 1), Eq. 1 becomes the Gaussian curve.

Bending moments were derived using elastic beam
theory whereby moments are related to the deformed
shape of a beam by:

Figure 6. Derivation of bending moments from deformed
shape of pipeline (from PIV data).

where M = bending moment; Ep =Young’s modulus
of the pipe material; and Ip = second moment of
the cross-sectional area of the pipe. Note that these
curves represent an approximation of the true bending
moments since the fitted curve can not match exactly
the actual deformed shape of the pipe.

There is a concern that tunnelling may cause gaps
below certain overlying structures. Figure 7 presents
PIV displacement data to illustrate that a gap does
indeed form below pipelines affected by tunnelling.
Soil displacements directly below the pipeline are
compared to pipeline displacements at the tunnel cen-
terline. The upper and lower pipe linings are shown
to displace the same amount (i.e. no cross-sectional
distortion of the pipe occurs). Gap formation is shown
to commence at a tunnel volume loss of between 1
and 2%. The length of the gap (along the pipe) varied
from 2.9 pipe diameters at low volume loss to 3.4 pipe
diameters at 10% tunnel volume loss.

Figure 7 also shows a plot of the maximum sagging
moment of the pipe versus tunnel volume loss. The
data suggests that bending moments increase substan-
tially with the onset of tunnel volume loss, however
pipe bending behaviour does not appear to be very
sensitive to the formation and growth of the gap that
forms below the pipe. The height of the gap (i.e. the
separation between the soil and the lower pipe lining)
is shown to increase significantly at a volume loss
of about 6% with no equivalent response in the pipe
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Figure 7. Gap formation below pipeline and increase
in maximum sagging moment as tunnel volume loss is
increased.

bending moment. The width of the gap does not grow
substantially and is the likely reason why the bending
moments do not respond to sudden increases in gap
height at the tunnel centreline.

5 CONCLUSIONS

Soil-structure interaction mechanisms are important
when evaluating the response of buried structures
to ground movements. The research described in
this paper has elucidated the soil-structure interac-
tion mechanisms that occur when tunnelling beneath
buried pipelines.

The results presented illustrate some important
aspects of tunnelling within sandy ground (i.e. drained
material). These include:

– soil volume loss will not always be the same as
tunnel volume loss;

– the value of soil volume loss depends on the
magnitude of the tunnel volume loss;

– soil volume loss calculated at the surface can be
greater or lower than tunnel volume loss;

– the maximum ratio of surface volume loss to tunnel
volume loss was as high as 1.67 and occurred at a
tunnel volume loss of between 1 and 1.2%;

– a local zone of dilation formed just above the tunnel
at a tunnel volume loss of about 1%.

– The zone of dilation effectively reduces the soil
volume losses above it.

The pipeline test illustrated that a gap forms below
the pipe at a volume loss of between 1 and 2%. The
length of the gap grew from 2.9 tunnel diameters at
low volume loss to 3.4 tunnel diameters at 10% tunnel
volume loss. Bending moments induced in the pipe
increase from the onset of tunnel volume loss and do
not appear to be sensitive to the growth of the gap
height.
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