CASE STUDIES

In this article, Dr Benoît Jones, Director of the Tunnelling and
Underground Space MSc at the University of Warwick, UK, discusses what
makes a good case study and why we need more of them

CASE STUDIES

IN THE CONTEXT OF TUNNELLING, case
studies are published papers that describe
the construction of a tunnel and the
lessons learnt. This enables the industry to
improve working practices in health and
safety, quality, project management and
design and to avoid repeating the same
mistakes or reinventing the same wheels.
In this article I am going to focus on
case studies that present data related to
the performance of the construction
method, such as monitored ground or
structure movements. These types of case
studies are absolutely invaluable to
engineers who are trying to make
predictions. More of the work we do
needs to be put into the public domain so
that we can all get maximum benefit from
this knowledge.
I will use four examples of highly
effective case study papers to illustrate
what makes a case study really helpful.
Then we will look at how they can be
used in a meta-analysis to develop
empirical relationships, and how to use
these empirical relationships in practice.
Introduction – why do we need case
studies?
Tunnels are complicated, or to be more
precise they are a ‘complex problem’. This
means that their actual performance is
very difficult to predict accurately because
of the variability of material parameters,
construction advance rates and geometry,
and the complex interactions between all
these things.
In the past when design models and
calculations were simpler, it was thought
that the “usual complexity of geological
conditions” (Golser, 1976) meant that
tunnels had to be designed empirically.
‘Empirical’ literally means ‘based on
observation or experience’, so in other
words, the design had to be based on
previous successful tunnels constructed
under similar conditions, as well as on
monitoring the performance of the new
tunnel.
Until at least the 1990’s, the simplicity
of design models meant that they were all
at least semi-empirical. For example, a 2D
plane strain model of a tunnel demands
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assumptions about how to simulate the
3D arching effects around the tunnel
face, as well as the sequence and speed
of construction. One place to look for
help in making these assumptions is in
case studies of similar tunnels. You can
look at what volume loss was typically
achieved and then ensure your new
design model replicates it by controlling a
fictional internal pressure before installing
the lining (see Jones, 2012).
More recently, some engineers and
researchers think they’ve got it cracked.
3D numerical models with sophisticated
soil behaviour can produce a purely
deductive design, with no reliance on
empiricism. However, the valiant efforts of
some of the brightest numerical modellers
in the world failed to produce the correct
shape of a surface settlement trough at St
James’s Park (Jones, 2013). They were not
even attempting to make any predictions
in this case; just a back-analysis of a case
study and the volume loss was fixed in
the analyses. In practice, even today with
the advanced geotechnical understanding
and computer power that we have, no
sensible engineer will rely on numerical
models alone, however sophisticated. The
need to refer to case studies remains.
The ‘data-huggers’ out there will say,
“why should we publish case studies and
lose our competitive advantage?” One
could argue that publishing for the
benefit of the industry is a selfless pursuit
and it makes more sense not to bother,
and keep the knowledge within your
company to be used to make your designs
more efficient. But this approach won’t
work because independent checkers and
clients are not always keen to accept
designs based on unpublished data.
Besides, engineers have a duty to share
knowledge and do what’s best for society
as a whole.
What makes a good case study?
The following examples are excellent
tunnelling case studies, and I encourage
anyone thinking of writing a case study to
read them:
Clayton, C. R. I., van der Berg, J. P. &

Thomas, A. H. (2006). Monitoring and
displacements at Heathrow Express
Terminal 4 station tunnels.
Géotechnique 56, No.5, 323-334.

van der Berg, J. P., Clayton, C. R. I. &
Powell, D. B. (2003). Displacements
ahead of an advancing NATM tunnel in
the London clay. Géotechnique 53,
No.9, 767-784.
Cooper M. L., Chapman D. N., Rogers
C. D. F. and Chan A. H. C. (2002).
Movements of the Piccadilly Line
tunnels due to the Heathrow Express
construction. Géotechnique 52, No.4,
243–257.
Jones, B. D. (2010). Low-volume-loss
tunnelling for London ring main
extension. Proceedings of the ICE
Geotechnical Engineering 163, GE3,
167-185.
When writing a case study (as with so
much in life) put yourself resolutely in the
shoes of an imagined end-user. Call him
Engelbert and imagine what he likes to
wear when he goes shopping. Focus your
attention on providing Engelbert with
exactly the information he needs.
Based on analysis of the above excellent
papers, an ideal tunnelling case study will
include the following:
• Geometry – plans, cross sections and
long sections providing location, surface
level, tunnel dimensions, construction
sequence, nearby structures, borehole
or trial pit locations, monitoring point
locations, etc.
• Geology – regional setting, structural
geology (e.g. location of faults,
orientation of bedding and other
discontinuities, any folding etc.), strata
names, strata levels and if inclined the
dip and dip direction.
• Geotechnics – for each strata, the
soil/rock descriptions and if available
any in situ or laboratory test data and
derived parameters.
• Hydrogeology – groundwater pressures,
groundwater flows, aquifers, and
groundwater chemistry if relevant.
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• Instrumentation and monitoring –
include details of the instruments
and/or methods used to obtain the
data, how baselines were obtained, and
estimate the repeatability of readings.
• Times and dates – of construction
stages and of monitoring data.
An example of a high quality location plan
is shown in Figure 1, which has been
taken from van der Berg et al. (2003). A
particularly nice feature is the inset
showing where the site is in relation to
Heathrow Airport. This could have been a
separate figure but incorporating it in an
empty corner is more efficient and more
elegant. Another nice feature is the
legend and labels. The alternative would
be to explain in the text that the north-

western-most one is the Downline
platform tunnel, the south-eastern-most
one is the Upline, and the one in between
is the Concourse Tunnel and then to
explain the markers and acronyms. This
would not only make the text very clunky
but also means that someone flicking
through needs to search the text to
understand the figure, and sometimes
figures are not printed on the same page
as the text that is referring to them. Two
other essential features are the North
arrow and the scale bar. Amazing how
often these are forgotten. A plan like this
might take a long time to produce and
get right, but it’s worth it. Put it this way,
it was drawn 15 years ago and we’re still
looking at it now.

If the geology is quite simple, it may be
described in the text, as van der Berg et al.
(2003) do, or in a table. Alternatively a
section can be produced with strata levels
on it, or it can be incorporated into a crosssection showing the geometry and position
of the tunnels (e.g. Clayton et al., 2006).
The geology of a long tunnel drive may be
best represented in a long section, as shown
in Jones (2010) and reproduced in Figure 2.
Note that this figure doubles as a location
plan as well as a long section, and includes
a North arrow and scale bar. Also, an
important requirement for journal figures is
that they must be legible if printed in black
and white, and this one is. Try it if you don’t
believe me! (CTRL+P)
For plans and sections it may be tempting

Figure 1: An example of a location plan for a case study from van der Berg et al. (2003):
“Fig.1: Plan of tunnels at Heathrow Express Terminal 4 station, showing location of concourse
tunnel and layout of routine instrumentation”.

A plan
like this
might
take a
long time
to produce
and get
right, but
it’s worth
it. Put it
this way,
it was
drawn
15 years
ago and
we’re still
looking at
it now.
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to just crop something out of a drawing,
but this is rarely going to result in a good
figure. This is partly because a figure on a
journal page is so much smaller than a
drawing intended to be printed at A0 or
A1, but also because drawings will include a
lot of extraneous detail that will distract
from the important information.

reviewed journals, such as Proceedings of the
ICE – Geotechnical Engineering or
Géotechnique, will usually ensure that all the
necessary information is included and so I
would encourage anyone wanting to write a
case study to aim to publish in a peerreviewed journal, if only to take advantage of
this expert editorial assistance. It is hard work

situations are not always similar enough to
any individual case study.
In order for case studies to have wider
application, general relationships need to be
found that can be shown to hold true for
several case studies. Then, if a new situation
falls within the range of the case studies in
terms of tunnel size, depth and the geological

Figure 2: An example of a geological long section from Jones (2010): "Figure 1. Plan of alignment and geological section: (a) aerial
plan, showing alignment and borehole locations; (b) geological long section, pre-tender; (c) spoil encountered during tunnel drive”

One very common error is to present
monitoring data on a graph with time on the
X-axis, but not to relate it to the position of
the advancing tunnel face or the stage of the
construction sequence. One way to achieve
this is to present the construction progress
separately in a table or graph. Another way
might be to present the monitoring data as a
function of tunnel face position. Examples of
this can be found in Jones et al. (2008) for
surface settlements, inclinometers and
extensometers around a sprayed concrete
tunnel. Examples of both methods can be
found in Clayton et al. (2006).
Good quality case studies are often used to
investigate or validate new constitutive
models of ground behaviour. It is maddening
when a writer renders an otherwise wellwritten case study useless by omitting
essential information such as the depth of the
tunnel or the thickness of its lining. Peer-
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because the paper is sent to 2 or 3 expert
reviewers who will make a lot of comments
on how they think it should be improved, but
the final result is usually a substantial
improvement and I personally have learnt a lot
from reviewers of papers I have written.
Conference proceedings are much less effort
for the author because papers are rarely
reviewed rigorously, but often these papers
are far less useful because of it.
How case studies are used: ‘metaanalysis’ and the development of
empirical relationships
As well as using case studies individually to
test new modelling methods, they can also be
used individually to inform predictions if the
new tunnel is in similar geological and
hydrogeological conditions and is being
constructed in a similar manner. The
drawback of this approach is that new

and hydrogeological conditions, then one can
have reasonable confidence that the
relationship will provide a useful prediction.
The analysis of a large number of case
studies is called a ‘meta-analysis’. By plotting
the data in various ways, relationships
between the variables can be found, which
can be presented in the form of equations or
design charts. An example of this is the use of
the Gaussian curve to predict surface
settlements. In 1982, O’Reilly & New
published a meta-analysis of surface
settlements above tunnels in the United
Kingdom, which was based on 19 tunnels in
cohesive soils and 16 tunnels in granular soils
and fill. They found that the settlement
trough width varies linearly with depth of the
tunnel, with the following relationships:
i = 0.43z + 1.1
i = 0.28z – 0.12

for cohesive soils
for granular soils
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They could have subdivided the ground types
into finer categories, but this would have
meant less data in each category, and it
seemed that a reasonable correlation was
found to these equations when the case
studies were grouped into cohesive and
granular soils. They suggested that these
relationships could be simplified to an
equation of the form i = Kz, where K could
be taken as 0.5 for clays and 0.25 for sands,
with the range for cohesive soils between 0.4
for stiff clays to perhaps a value of 0.7 for
soft silty clays.
In 1992, Lake, Rankin & Hawley updated
O’Reilly & New’s meta-analysis, and this was
followed by Mair & Taylor in 1997. They also
separated the available case histories, this
time not restricted to the UK but from all over
the world, into similar categories: tunnels in
clays (37 tunnels) and tunnels in sands and
gravels (36 tunnels). They found that O’Reilly
& New’s value of K = 0.5 for clays was still the
best estimate. The K value for sands and
gravels had quite a lot of scatter, but most
values were within the range 0.25 to 0.45.
We now know that the trough width in sands
and gravels depends on the magnitude of the
volume loss (Marshall et al., 2012), whereas
in clays it does not. We also suspect that
these relationships may also not be valid at
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tunnel depths greater than about 35m
(Jones, 2010). The reason we know all this
and can keep refining our predictions is
because case studies continue to be
published.
Conclusions
I have described what case studies are, and
why they are so important. In order to be of
maximum benefit to the end user (remember
Engelbert), all the essential information about
the location and geometry, geology,
hydrogeology, geotechnical parameters,

instrumentation and monitoring, and times
and dates. Case studies can be used
individually to validate modelling methods or
where a new situation is very similar, or they
can be grouped together in a meta-analysis
to produce empirical relationships.
Nowadays, huge amounts of monitoring
data are being produced on tunnelling
projects all over the world. For the art of
tunnelling to progress we need to publish this
data in a user-friendly format. Then others
may use this data for future projects to
improve predictions.

TUNNELLING JOURNAL 27

