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ABSTRACT: Predicting surface and sub-surface movement upon tunnel heading failure is essential for safety
and contingency planning. This paper presents the results of a 2D physical modelling experiment of tunnel
heading failure in cohesionless soil. By modelling six overburden to diameter ratios, the research seeks to
investigate the behaviour, magnitude and failure mechanism of a tunnel heading. The physical model uses
displacement control to simulate tunnel heading movement. The use of transparent faced modelling containers
allows video capture of the soil movement as the tunnel heading is displaced. From the captured video, Particle
Image Velocimetry (PIV) was then utilised to analyse soil movement. PIV examines and monitors groups of
pixels based on colour variability, thus small amounts of coloured sand were added to ensure accurate tracking.
This then allowed close monitoring of the soil movement, which allows verification of settlement results and
examination of failure behaviour. It is concluded that the current experimental procedures produce qualitative
results that can be used to compare with results obtained from numerical experiments. FLAC modelling with
FISH programing is recommended for this purpose in the future.
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INTRODUCTION

methods include design charts and numerical methods. Whilst with appropriate judgment these may give
accurate predictions under some circumstances, the
validity of such analyses should be verified with
modelling (Chen et al, 2013).
Minimizing soil movement is very critical when
using a TBM. Even slight soil movement at
the surface can cause damage to buildings and
infrastructure. The use of improved TBM technology and construction techniques means that tunnelling
in more difficult ground condition within settlement
sensitive (i.e. urban) areas are increasingly being considered and undertaken. Tunnelling induced surface
settlement is a complex phenomenon that is dependent
on soil and groundwater conditions, tunnelling dimensions and construction techniques (Lee, Rowe & Lo
1992). Controlling heading pressure is the best way to
limit soil movement and stop local soil failures. Thus,
being able to accurately predict surface settlement
for safety and contingency planning reasons is very
important.
Numerical and physical modelling in two and three
dimensions is increasingly being used to give reliable
results over a wider range of scenarios. Physical modelling is done most commonly using small scale tanks
(Messerli et al, 2010; Kirsch, 2009), which are relatively easy to construct and give a good representation
of reality. Particle Image Velocimetry is an effective
way of displaying the movement of particles in physical modelling. Software for this is widely available,
and has been in development for long enough that it

Modern cities and highly developed regions around
the world are struggling to cope with increased motor
vehicle traffic. There have been many methods for
coping, such as public transport, and inner city tolls.
These methods have been met with limited success, but
there is still a strong need for inner city roads. However, space for expansion and/or upgrading of such
infrastructure is generally limited and can cause significant public disruption when undertaken. Because
of this, tunnelling is increasingly becoming a preferred
solution because of the safety, economic, and engineering advancements of tunnel boring machines (TBM).
Locations where tunnelling was once considered not
viable due to the sensitivity of the ground movement
or geological complexity are now possible due to these
advances.
Even though these tunnelling machines are now relatively safe and reliable, it is still essential to be aware
of the surface movement should the tunnel heading
collapse. Cohesionless sand is prone to local collapse
under its own weight if tunnel heading stability is
not maintained. Therefore, estimation and control of
face pressures and ground movement is essential to
minimize impact on nearby structures. Even though
tunnelling technology has significantly advanced in
the past few decades engineers are often still relying
on empirical and theoretical methods for estimating
internal pressures and settlement which are based
on limited field testing (Meguid et al, 2008). Other
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can be completed with relative ease, and is now quite
commonly used in geotechnical research.
Maintaining heading stability requires predicting
the required pressure that the hydraulic jacks or the
slurry need to apply to the heading to avoid soil failure.
A number of authors have described failure mechanisms at the tunnel face, and have derived formulae to
calculate the appropriate face support pressure based
on the limit equilibrium method (e.g. Davis et al.,
1980; Leca and Dormieux, 1990). Published methods
for predicting required support pressure have limitations and can sometimes be inconsistent. (Ahmed and
Iskander, 2012 and Kirsch A, 2009).
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STATEMENT OF PROBLEM
Figure 1. 2D Representation of the Tunnel Heading
Problem.

The purpose of this research is to investigate tunnel
heading stability and soil movement upon collapse in
cohesionless soil over a range of cover to diameter
ratios (C/D). In this case, the range will be 2–7. To
do this, the following methods will be used: physical
modelling using scale models with a transparent face,
and particle image velocimetry (PIV) to demonstrate
the movement of the soil in these models. The sand
used will be kept constant and the properties of this
sand will then be used in future numerical modelling
using FLAC2D. In addition to this, the material being
focussed on in this project is sand, and sand only. A
diagram of this system is shown below.
The modelling will only be two-dimensional in this
project, as the increased complexity, time and cost of
doing three-dimensional was considered unnecessary
in this particular case. It should be noted that modelling
this particular problem in 2D is considered conservative, as the effects of the soil structure in the other axis
are being disregarded.
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that is 1 g, and those that use a centrifuge, under
n g conditions. Tests conducted under 1 g conditions
are easily reproducible, have minimal preparations
required, and are easily controllable. The drawback is
that the stresses in the soil compared to the spoil properties are not realistic, and hence they are subject to
scaling laws.
Centrifuge modelling can overcome some of these
shortcomings. The small scale model can be subjected
to higher gravity levels, n g. This then allows the self
weight of the soil and the stresses within it to become
comparable to a large scale model which is n times
larger (Kirsch, 2009). However, the gravity level that
each soil particle experiences is relative to its distance from the centre of the centrifuge, which means
that there is a distribution of gravity acceleration
through the model. This problem requires adjustment
and calibration to the model dimensions and instrumentation to overcome it which is quite complex.
Thus, centrifuge modelling is very expensive and time
consuming.
They are used themselves to study the behaviour of
soil and its impacts, but quite commonly also to verify
numerical models. If the soil of interest is sand, using
1g scale models is particularly attractive, as there is no
need for a centrifuge as the soil fails under its own self
weight, and the models can be relatively simple to construct and operate, whilst still yielding good results.
Therefore in this project, 1 g scale models have been
used to conduct the physical modelling.
The aim of the experimental tests in this project
was to gain an understanding of the failure mechanisms in front of the tunnel face, and to examine the
settlement characteristics of the soil with varying overburden (C/D ratios). To do this, the modelling tanks
needed to be designed and constructed and the properties of the sand in question needed to be identified.
The design of the models draws inspiration from other
undergraduate projects at USQ as well as other postgraduate research projects, namely from Kirsch A,
2009/2010, and Chen et al, 2011/2013. A picture of
the models used is shown in Figure 2.

PHYSICAL MODELLING

Geotechnical problems in reality are very difficult to
model with 100% accuracy because of the number of
variables involved, and the number of particular cases
where either the material properties or the geometry of the scenario is different. Although numerical
modelling has significantly improved in quality and
quantity over the last 15 years, it is still somewhat
bound by these restrictions. This combined with the
need for numerical modelling to be verified means that
physical modelling is still a large part of geotechnical
research.
Physical modelling has been used widely in
geotechnical research for quite some time. Large scale
tests and tests and centrifuge testing are expensive,
time consuming, and often don’t deliver sufficient
return, in terms of results, for the investment. The use
of much smaller scale models is therefore much more
common.
There are two main types of small scale tests:
those that are run under standard gravity conditions,

62

Figure 2. Sand boxes used in the physical modelling.

Figure 4. Results of physical modelling.

inital tunnel face position, seems to increase and then
plateau out with increasing C/D. This is due to soil
arching effects becoming a more dominant factor of
the soil’s movement. It’s entirely possible with C/D
of greater than 7 that the B parameter may in fact
start to decrease. The L parameter, indicative of the
observable settlement trough width, seems to increase
exponentially with C/D.
While the heading is being retracted, a full HD camera is recording the soil movement from beginning to
end. This footage is then used for the particle image
velocimetry.

Figure 3. Physical modelling settlement parameters.

A total of three boxes were constructed to cater for
the six C/D cases that were to be examined. They are
50 cm long and 5 cm in breadth, with a totally transparent Perspex front panel. Other dimensions of interest
are contained in Figure 3-2 below. The crank handle
rotates the screw which slowly withdraws the heading. For this project, the tunnel has been approximated
to a rectangle to simplify construction. The sand used
was USQ laboratory sand blended with coloured sand
(for the PIV), and was constant for all experiments.
The density was determined to be 1800 kg/m3 , and the
friction angle to be 35 degrees.
The procedure for the physical modelling was kept
as similar as possible through the six cases. Firstly,
sand was poured as uniformly as possible into the
model to the correct overburden level (e.g. 100 mm
for C/D = 2) while avoiding any compacting or settling action. Then the heading is slowly withdrawn
using the crank handle. The screw that has been used
is calibrated for 1 mm/revolution. Thus, the handle
was rotated at approximately 1 revolution every two
seconds, which therefore leads to the heading being
retracted at 0.5 mm/sec. This is stopped when the
sand is no longer touching the heading, and this was
considered as the total failure of the tunnel heading. After this, measurements were taken of settlement
parameters: Smax, L, and B as shown in Figure 3.
The results for these three settlement parameters are
shown in Figure 4.
It can be seen that the maximum settlement, Smax,
decreases with increasing C/D as the distribution of
stress is spread over a wider area. The parameter B,
representing distance of maximum settlement from
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PARTICLE IMAGE VELOCIMETRY

Particle Image Velocimetry is a technique that allows
investigation of plane displacement patterns. (Kirsch,
2009). It was first used in fluid dynamics to demonstrate flow fields, but it has since become widely
used in various fields, from aerospace, thermodynamics, and also geotechnical research. It is non-invasive,
requires relatively minimal setup, and can analyse a
soil sample on a grain-scale level (Nubel, 2002 (cited
in Kirsch, 2009)). This combined with rapid technological advances in computing during the last 15–20
years, has meant that PIV has become very widely used
in the geotechnical area.
There are many possible software alternatives that
can do PIV analysis, but the program that was selected
was GeoPIV, created by David White and Andy Take.
There were many reasons for this; because the methods
it uses means that its performance is better compared
to others results, relative ease of use and access as
the authors provide the software and manuals free of
charge for educational purposes. PIV is also easier
and less time consuming to setup and can demonstrate
movement of the entire soil sample rather than just
layers, and is more precise. In this research project, a
qualitative investigation using PIV of the tunnel face
collapse is used to identify displacement patterns and
demonstrate failure behaviour. Layers of coloured sand
were used in the physical modelling to better allow
PIV to track the soil particles.
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Figure 5. A PIV analysis with wild vectors.

Figure 7. PIV analysis of C/D = 7.

operate the crank handle but not negatively impact
the lighting on the model. Figure 5 still shows some
reflections, but the objects causing them are stationary
and unlikely to cause issue. Another problem was the
vibrations caused by the operating of the crank and
the inherent resistance in the system. This problem
proved somewhat difficult to fully eradicate, but was
minimised by having stabilisers on the bottom of the
model (in picture), placing the model on a fixed bench,
and using the relatively slow handle rotating speed.
As the analysis software requires images rather than
a video file, the first step once the testing is completed is to export images out of the video. A freeware
program named “VirtualDub” has been used for this
purpose. As the raw footage has been recorded at 50
frames per second (fps), only every 100th frame is
exported, this corresponds to one image every two seconds. More frames may increase accuracy but there
will be diminishing returns the more frames that are
included, and this will also dramatically increase the
computing time. Then Adobe Photoshop was used for
a slight adjustment to the levels to increase spatial
variation in brightness and contrast across the image.
Shown in Figures 6 and 7 are the PIV analyses
of cases C/D = 3 and 7 respectively. From the physical modelling results, it was measured that maximum

Figure 6. PIV analysis of C/D = 3.

During the first operations of the software, it
became clear that it was very sensitive to the lighting conditions and movement of the camera and the
model. The effects of this are shown in figure 5.
Therefore, careful positioning of the model and
camera was needed to ensure that we had minimal
reflections on the transparent panel but also ample
light so that the footage is clear. There was also the
issue of the operating personnel moving, and creating shadows as well, this had to be managed such that
the model was somewhere where the personnel could
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lighting would also allow better control of reflections and shadows. Setting up the equipment such that
GeoPIV could be calibrated would allow the use of the
strain rate contours feature, which would open up further possibility for comparison with future numerical
modelling.
Future work will include numerical modelling with
a previously developed model using Fish in FLAC
design tool for estimating tunnel heading pressure and
settlement. Physical modelling as presented here could
be used to aid in verification of such a numerical
model.

settlement (Smax) decreases with increasing C/D, the
position (B) of this maximum settlement from the initial tunnel face increases but seems to plateau out at
higher values of C/D, and the observable length (L) of
the settlement appeared to increase exponentially with
C/D. These PIV plots of the physical modelling appear
to somewhat confirm these observations.
Using the PIV analyses in such a qualitative manner other observations can be made, regarding the
failure behaviour. For instance, the failure mechanism described in Chen, 2013 can be approximately
observed using PIV analysis.
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Using some fairly basic scale models, some experimental tunnel failure modelling has been completed.
Some settlement results over the six C/D cases have
been collected and some comments and observations
about their nature have been made.
Future projects using similar apparatus would want
a more sophisticated setup where the box was wider
(3D), and the tunnel could be simulated using a
cylinder of PVC. The capability to measure heading
pressure with heading displacement would also be
desirable, this would require a linear actuator with a
load cell to replace the crank handle. With the suggested upgrades to the models, some more significant
results could be achieved, such as heading pressure
against heading displacement for the six cases. This
would open up more possibilities for comparison
between the physical modelling and future numerical
modelling.
Particle Image Velocimetry has been shown to be
employed quite effectively to demonstrate the plane
movement of the soil in the models. Some description
of procedure regarding setup, and collection of data
has been given, and some of the limitations of PIV have
been addressed. The results allow a qualitative comparison to the physical modelling measurements taken,
and the conclusion is that they generally seem to agree.
The failure behaviour can also be observed using PIV,
and it can be noted that the failure pattern is a local
failure around the tunnel face first and then the subsequent global collapse which concurs with comments
made in the paper by Chen et al. 2013.
Improvements that can be made include using a
higher resolution camera with an automatic fps controlled capturing mode which would allow higher
precision and resolution in GeoPIV. Having proper
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