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Discussion: Can settlements over tunnels be accurately predicted using

advanced numerical methods?

J. N. Shirlaw

Land Transport Authority of Singapore, Singapore

At the Symposium, one of the topics that was
debated briefly was the question as to whether the
accurate prediction of settlements over ttmnels was
feasible. One of the issues was whether the key to
accurate prediction was the use of 3 dimensional
modelling with more refined soil models. This
discussion largely arose out of the paper by Negro
and Braga de Queiroz (1999)

In the discussion there were sharply divergent
views. This may be because ‘tunnels’ were
considered as an abstract single topic. In practice
there are many different ways of constructing
tunnels and many different conditions through which

they are constructed. The magnitude of settlement
that occurs is not just a function of the ground, but
the result of the combination of ground, method and
human factors. I would suggest that accurate
prediction of settlement based on complex soil
models is only feasible where it is the soil that is the

major variable in determining the magnitude of
settlement, and not the construction method or the
human factors. It is also essential that the 'ground

conditions can be accurately defined using current
site investigation methods. Unless both of these
conditions apply accurate predictions cannot be
made.

The ground is the dominant factor in
determining the magnitude of settlement only if the

support pressure within the tunnel can be accurately

defined throughout the ttumelling process. This
condition would apply, for example, in the use of
either shotcrete support, or hand mining while
erecting SGI rings, in London Clay. In these
methods there is a clearly defined zone where the
ground is unsupported and an equally clearly
defined point at which effective support is
introduced.

In contrast, with Earth Pressure Balance shield

ttmnellingj it is usually the method and human
factors, rather than the nature of the ground, that are

the dominant factors in determining the magnitude

of settlement. As the paper by Lee at al (1999)
shows, the major factors in determining settlement
over EPB driven tunnels in Shanghai included:

0 Control of face pressure
0 Amount of overcut
0 Inclination of the Shield machine

» Amount and effectiveness of the grouting around
the rings

0 The consolidation of the grout under pressure
These factors cannot be predetermined accurately by

the designer; even if specified there is uncertainty as

to how precisely the specifications can or will be
followed.

The example of ttmnels in Shanghai given by
Lee et al was for tunnels in relatively consistent soft

ground. The ability to control the ground can be
further complicated where the ground is less
consistent. Examples of this would be:
1. Ground of sharply differing mobility and ease of

cutting, for example, a mixed face of hard rock
and soft clay or loose sand.

2. The presence of obstructions, such as boulders,
tree trtmks or old piles in the face.

3. The abrasiveness of the ground: the wear of
cutting and overcutting tools can significantly
change the way in which the machine and the
ground interact.

In each case it is difficult to precisely predetermine
the nature of the ground by site investigation. It is
even more difficult to predict how well a machine
and its operator will cope with such conditions in
practice.

The importance of the human factor in
settlements can be seen in the ‘learning curve’
common in’ the initial stages of a tunnel drive.
Forbes & Finch (1996) and Shirlaw et al. (1996)
gave examples of ‘learning curves’ in terms of
settlement over EPB driven ttmnels at the lst

symposium. Both of those examples were for
tunnels in relatively consistent conditions. Where



conditions change suddenly, then the operator has to

go through a further ‘learning curve’ in the new
conditions.

There is usually a significant range of
settlements measured over tunnels even when driven

though the same geological strata using the same
tunnelling method and the same tunnel crew. Lee et
al show that the settlements in Shanghai varied by a
factor of about 2.5, this being the ratio of the
maximum to minimum measured settlement. In my

experience this range is typical for well controlled
tunnelling in consistent conditions and excluding the

effects of learning curves. Once the strata become
less consistent or any of the exceptional conditions
outlined above apply, then the range typically
widens. Shirlaw et al (1987) record a range of
settlements that varied by a factor of 20 for shield
ttmnelling in hard clay containing many boulders.
Shirlaw et al. (1996) recorded a range of settlements
that varied by a factor of over 100 for tunnelling
through very dense sand. In both cases the
variability in the recorded settlements cannot be
accounted for by variation in the strength or stiffness

of the ground.

Given all of the factors outlined above, it may be

questioned as to whether the accurate prediction of
settlements over EPB driven tunnels is even
possible.

However, the problem may be one of semantics
rather the engineering. In my opinion, what the
designer is often doing in ‘predicting’ settlement is,
for EPB tunnelling, better defined as ‘target setting’.

It is then the responsibility of the construction team
to achieve that target.

To ‘predict’ settlements, the use of simple
empirical method appears crude in comparison with

the highly sophisticated numerical models that are
now available. However, it is easier to tmderstand,

and defend, a target based upon previous experience
with similar tunnels in similar ground than one
based on the various simplifying (and debatable)
assumptions that must necessarily be made in a
ntunerical model of a machine driven tunnel.

I would propose a simple test, based on
repeatability, as to whether settlement over a
particular ttmnelling method in particular conditions
can be considered as accurately predictable. For
design purposes a tunnel is usually divided up into a
number of representative sections, with the
conditions in each section considered as effectively

uniform. Usually, in urban areas, there are a
significant number of settlement points over the
tunnel within each representative section. If the
settlement within a representative section varies only

within a small margin, then there is little variation in

either the application of the ttmnelling method or the

ground, and the settlement by that method in that
ground may be considered potentially predictable
with accuracy. If, however, there is a wide range in
the measured settlements, then there is clearly so
much variation in the application of the tunnelling
method and/or the ground that it is simply
impossible to predict, with any precision, just what
the settlement will be at any point. If this is the
case, refining the numerical analysis would not
improve the prediction, as the variables cannot be
captured within the model.

Negro & Braga de Quieroz used a criterion for
assessing the accuracy of a prediction whether the
‘actual’ settlements were within 10% of the
predicted settlements. As discussed above, it is
common for the minimum and maximum
settlements to differ by more than 20%, even in
apparently consistent ground conditions. As no less
than 71% of the studies reviewed by Negro & Braga
de Queiroz were within this accuracy, I would agree
with the authors’ suggestion that the ‘predictions’
were influenced by knowing the answer before
making the ‘prediction’.
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