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Theme lecture: Subsidence due to tunnelling and its effects on buildings
Exposé sur le theme: L’affaissement di au creusement d’'un tunnel et ses effets sur les batiments

J.B.Burland - imperial College of Science, Technology and Medicine, London, UK

ABSTRACT: The purpose of this presentation is to highlight some of the gaps in knowledge in relation to ground

movements due to tunnelling and their effects on buildings.

It is demonstrated that there are major gaps and

that to f£ill most of them requires high quality field studies. Examples are given of the approach that has been
adopted in relation to the work on the Jubilee Line Extension in London.

RESUME: L‘’intention de cette présentation ast de souligner quelques des vides dans la connaissance des mouvements

du terrain du creusement de tunnel et leurs effets sur les bAtiments.

Il est démontré qu’'il y a des vides

importants et que des études sur le terrain de premiére qualité sont demandées pour en combler la plupart. Des
exemples concernant l’approche qui a &té& adoptée pour les travaux de d’extension de la Jubilee Line & Londres

sont donnés.

1 INTRODUCTION

In his theme lecture to this Conference Dr Mair
reminded us that the three principal design and
construction requirements for tunnels are (Peck 1969) :

1. Stability.

2. Ground movements and their effects.

3. Performance of linings.

This paper is concerned with the second requirement -

ground movements and their effects. The following is

an extract taken from Mair and Taylor (1997):
"of particular relevance to the urban
environment, construction of the tunnel should
not cause unacceptable damage to surrounding or
overlying structures and services. The ground
movements should be predicted and their effects
on the structures and services assessed."

An environmental impact of tunnelling which is causing
increasing public awareness and concern is that of
subsidence and its effects on structures and services.
Construction of tunnels and deep excavations 1is
inevitably accompanied by ground movements. It is
necessary, both for engineering design and for
planning and consultation, to develop rational
procedures for assessing the risks of damage. Coupled
with such assessments is, of course, the requirement
for effective protective measures which can be
deployed when predicted levels of damage are judged to
be unacceptable.

2 GROUND MOVEMENTS

The ground movements caused by tunnelling result from
at least five sources:

1. The tunnel face

2. The passage of the shield

3. Radial movements behind the shield

4. Lining deflection and

S. Long-term movements due to drainage
Components 1 to 4 sum to give the short-term volume
loss V,

The above components depend on:
(a) The geotechnical properties of the ground
(b} The horizontal and vertical geological
profile
(c) Local groundwater conditions
(d) The tunnelling method
(e) The skill and care of the operator

In view of the dependence of the volume loss on so
many variables the phrase “"prediction of ground
movements" may be misleading. At best we can only
"estimate" the ground movements based on experience.
The situation is completely different from (say) the
prediction of foundation settlement where the applied
loads are known, the soil properties can be measured
and the result is far less operator dependent than
tunnelling.
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The control of ground movements due to tunnelling
depends on SKILL, SUPERVISION, OBSERVATION and
VIGILANCE. Shirlaw, Yi and Pennington (1996) give an
instructive case record of the way surface settlements
were substantially reduced due to improved practice as
tunnelling progressed through dense sands and silts
below the water table towards a sensitive structure.

3 GAPS IN KNOWLEDGE

During the planning and design stage of the Jubilee
Line Extension in London, serious gaps in knowledge of
subsidence and its impact became apparent (Burland et
al., 1996) as indicated in the following.

3.1 Subsidence trough

Reasonably reliable methods exist for predicting the
form of the initial vertical settlements for single
tunnels beneath ‘green field’ sites. There are
considerable uncertainties as to whether superposition
can be used for multiple tunnels and large openings.
Moreover there are very few case histories of reliable
measurements of horizontal surface displacements and
general sub-surface displacements. The absolute
magnitude of all these displacements depends on the
volume loss (the volume of the surface settlement
trough per unit length expressed as a percentage of
the notional excavated volume of the tunnel). The
choice of an appropriate value for design requires
experience and is greatly aided by well-documented
case histories in similar conditions.

3.2 Time

There is much uncertainty about the magnitude and
distribution of time-dependent movements due to
tunnelling and deep excavations. Although this is
believed not to be a problem in stiff clays and
granular soils, there is a dearth of reliable long-
term (up to ten years say) measurements of ground
movements above tunnels. Building owners and their
insurers are becoming increasingly aware of this gap
in knowledge and this issue was raised time and time
again during the consultation stage of the Jubilee
Line Extension.

3.3 Potential for damage

Present methods of damage assessment rely on the work
of Burland et al. (1977) which was originally directed
towards construction settlements and not subsidence.
Limited progress has been made in addressing the
special problems of subsidence and horizontal strains
(Boscardin and Cording (1989), Burland (1995), Mair et
al. (1996)). There 1is an urgent need for well-
documented case records in which the onset and
progression of damage is traced and related to
progressive deformation of the superstructure.



3.4 Influence of building stiffness

There are few reliable case records of the influence
of building stiffness cn the shape and magnitude of
subsidence-induced ground movements. As a result it
is necessary to adopt the very conservative assumption
of neglecting building stiffness. This leads to
overestimates of building damage, unnecessary concern
by building owners and excessively expensive methods
of minimising ground movements. Particularly
important gaps in knowledge exist on the transmission
of horizontal strains into buildings and also the
response of piled foundations to ground movements -
both vertical and horizontal.

3.5 Protective measures

A number of traditional and novel measures are
available for minimising the damaging effects of
subsidence. Examples of traditional measures include
tunnelling techniques designed to reduce volume loss
locally, strengthening the ground by means of grout
injection, strengthening the structure by ties or
props, creating ‘fuse points’ within a building to
localise deformations, structural jacking or
underpinning and installing a physical barrier between
the tunnel and the building foundation. Recently the
use of compensation grouting has been widely advocated
as an effective approach. There is very 1little
published information on the effectiveness of the
various measures and designers have to depend largely
on the experience and expertise of contractors. Well-
documented case records are urgently required.

3.6 Summary
It is apparent from the above that the gaps in

knowledge  about tunnelling in London stemmed
fundamentally from A LACK OF WELL-DOCUMENTED CASE

HISTORIES. The construction details, and in
particular the construction history of previous
projects could not be found. Moreover, those

observations that did exist were dispersed between
various consulting firms and their reliability could
not be assessed. It was with this background and
experience that a major «collaborative research
programme on subsidence and its influence on buildings
was set up around the Jubilee Line Extension Project
(Burland et al., 1996). The information from this
project will be available to the industry and it is
hoped that many of the gaps identified at the start of
the project will be closed. It seems very probable
that the same situation exists in many cities
throughout the world and it is hoped that the
experience with this research project will encourage
more collaborative work of this type.

4 A CASE HISTORY OF OBSERVED SUBSIDENCE

Standing et al. (1996) describe the precise
measurements of ground movements due to tunnelling at
two control sites along the Jubilee Line Extension.
One of the sites was in London Clay at St James'’'s Park
where the measurements illustrate the difficulties
mentioned above of making precise predictions.

The design for the tunnels in London Clay assumed a
volume loss of about 2 percent for running tunnels
based on the conservative interpretation of previous
experience in Londen for open-face shield tunnelling.

Figure 1(a) shows the measured short-term surface
subsidence trough due to the driving of the 4.75m OD
westbound tunnel beneath the control site in St
James‘'s Park. A Gaussian curve has been fitted by
means of least squares and can be seen to be in
excellent agreement with the measurements. However
the volume loss is accurately measured to be 3.3%
which is significantly larger than assumed in design.

The westbound tunnel was constructed very rapidly
(approximately 40m per day) and it was thought that
the excessive volume loss might have been due to poor
construction contrel. The adjacent and shallower
eastbound tunnel was constructed much more slowly with
very tight construction control. Figure 1(b) shows
the resulting short-term surface subsidence trough.
The volume loss was measured to be 2.9% which is only
slightly less than for the westbound tunnel. At
present the reasons for the large volume losses in St
James’'s Park are not known. However it may be
significant that numerous silt and sand partings were
found in the clay in the vicinity of the tunnels and
these may have given rise to rapid softening of the

displacement (mm)
(a) 0
gourd eal L
) =TT T T T + 0
et b
»> 10
e »
- x
L I -~
20 4 . westbound hunnal constructon, V) =3 3%
feast squares il V) = 1.3%, =123m |
= <
- [ P ——
~ s 31

o

o ey e
2, Ji%m

B cestound uvel constnuction, Vi <2.8%

E ¥ ‘ et scpwes B, W = 29%, 1=7,5m
~
20 0 40 50 80
Oftset from westhound tunnel
(b) centre line (M)
Figu 1. Short-term settlements at St James’s Park

a) Due to passage ofwest boud tunnel

b) Due to passage of eastbound tunnel
5184 85 66 63 70 72 76 survey no
el - A v v .
i T VIR TR e ] i
20 50 150 250 350 450

Days after eastbound tunnel
construction

Offset from eastbound
running tunnel (m)

-20  -10 0 10 20 30 40
0 \ ' - Lz {
s . - —
— AN . b . >—v N
E et
E 20 (s o 2o - S »
) .
= o—> - KR 4
8 -30- Ground level (reference head)
ig -20 -10 0 10 20 30 40
© << : =
I : < = ¥
L 10- e .
= : »
) . A .
> 20 % r . .
approximately 5m bgl
-30 A sestbound tunnet

Figure 2. Time dependent settlements at St James's
Park following passage of east and westbound
tunnels

clay. Burland and Hancock (1977) drew attention to
the existence of such partings in the Westminster
area. This case record underlines the uncertainties
in assessing the volume loss and the importance of
appreciating the detailed soil profile even in very
familiar ground conditions.
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The results given in Figure 1(b) show that the
presence of the westbound tunnel has influenced the
shape of the subsidence trough caused by the eastbound
tunnel even though the spacing between the two tunnels
is about three diameters. This result demonstrates
that care is needed in using superposition to derive
the subsidence trough for multiple tunnels.

The measurements at St James’'s Park have been
continued and provide important information on the
post-construction settlements. Figure 2 shows the
settlement profiles at various times for two different
depths after the passage of both tunnels. The surface
movements are significantly influenced by seasonal
effects a feature that is often overlooked when
movements due to tunnelling are under discussion. In
general the post-construction subsidence troughs show
a much wider spread than the short-term one.

The measurements at st James's Park include
displacements parallel to the axis of the tunnel and
detailed subsurface displacements (Standing et al.,
1996) . High precision measurements such as these are
essential if improved capabilities of wmodelling ground
movements are to be achieved (Mair and Taylor, 1997).

5 EFFECTS OF GROUND MOVEMENTS ON STRUCTURES

Burland (1995) and Mair et al. (196) outline the
methodology that has been adopted for the Jubilee Line
Extension and other major projects for assessing the
risk of damage to buildings due to subsidence.
Fundamental to the approach are two key concepts: (i)

the classification of building damage and (ii)
limiting tensile strain in the building and the
linking of (i) and (ii).

5.1 Classification of damage

The assessment of degree of building damage can be a
highly subjective and emotive matter. Without
objective guidelines extreme attitudes and unrealistic
expectations towards building performance can develop.
It is worth stressing that most buildings experience
a certain amount of cracking, often unrelated to
foundation movement, which can be dealt with during
routine maintenance and decoration.

Clearly, if an assessment of risk of damage due to
subsidence is to be made, an objective classification
of damage is a key issue. Burland et al. (1977)
published such a classification and this has been
successfuly used in the UK and elsewhere with only
minor modifications since then. It is based on ‘ease
of repair’ of visible damage. Full details are given
by Burland (1995) and Mair et al. (1996) and it has
proved of immense value in discussing potential levels
of damage with building owmers.

5.2 Limiting tensile strain

Cracking in masonry and concrete walls and finishes
usually results from tensile strain. Burland and
Wroth (1974) investigated the idea that tensile strain
might be a fundamental parameter in determining the
onset and magnitude of cracking. A study of the
results from numerous large-scale tests on masonry
panels and walls showed that, for a given material,
the onset of visible cracking is associated with a
reasonably well defined value of average tensile
strain (0.05% to 0.1%) which is not sensitive to the
mode of deformation. This was defined as the critical
tensile strain which is measured over a gauge-length
of a metre or more.

The onset of visible cracking does not necessarily
represent a limit of serviceability. Provided the
cracking is controlled, it may be acceptable to allow
deformations well beyond the initiation of visible
cracking. This led on to the concept that the
magnitude of the tensile strain could represent
different serviceability limit states and Burland et
al. (1977) replaced the term ‘critical’ strain with
‘limiting’ strain to emphasise this.

5.3 The work of Boscardin and Cording

Boscardin and Cording (1989) developed this concept of
differing levels of tensile strain. Seventeen case
records of damage due to excavation-induced subsidence
were analysed. A variety of building types were
involved and they showed that the categories of damage
proposed by Burland et al. (1977) could be broadly
related to ranges of limiting tensile strain. These
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Table 1
Relationship between category of damage and
limiting tensile strain

(after Boscarding and Cording, 1989)
Category Normal degree Limiting Tensile
of damage of severity strain (%)
0 Negligible 0 - 0.05
1 Very slight 0.05 - 0.075
2 Slight 0.075 - 0.15
3 Moderate* 0.15 - 0.3
4 to 5 Severe to >0.3
Very Severe
*Note: Boscarding and Cording descrobe the damage

corresponding to the tensile strain in the range 0.15
0.3% as ‘moderate to severe’. However, none of the
cases quoted by them exhibit severe damage for this
range of strains. There is therefore no evidence to
suggest that tensile strains up to 0.3% will result in
severe damage.

ranges are given in Table 1 and are important since
they provide the 1link between estimated building
deformations and the possible severity of damage.

S.4 Strains in buildings due to subsidence

Burland and Wroth (1977) calculated the tensile
strains in a building by representing it as an
idealised beam. They give the equations for the

extreme fibre bending strains and the diagonal strains
in anisotropic beams undergoing hogging and sagging in
terms of the deflection ratio a/L. This approach has
proved very instructive in the study of allowable
differential settlements.

Boscardin and Cordin (1989) adopted a similar approach
in the study of excavation-induced subsidence and
included the effects of horizontal tensile strains in
the underlying ground. They developed relationships
between limiting tensile strain and maximum angular
distortion §. Burland (1995) developed a similar
approach in terms of relative deflection A/L which is

an easier quantity to determine than angular
distortion. Thus, for a given geometry and mode of
deformation (hogging or sagging), it is possible to

relate any given value of A/L to the maximum average
tensile strains within the idealised building.

5.5 Assessment of risk of damage

This simple approach has been applied to the
assessment of the potential damage due to subsidence
by adopting the conservative approach of neglecting
the stiffness of the building and assuming that it
conforms to the ‘green field’ settlement trough. The
maximum values of 4/L in the hogging and sagging zones
are measured and the corresponding values of average
maximum tensile strain calculated. Using the
relationship between tensile strain and category of
damage given in Table 1 the level of potential damage
is assessed.

In reality the inherent stiffness of the building will
tend to reduce both the deflection ratio and the
horizontal strains. Therefore, the derived category
of damage will usually be greater than the actual
damage.

6 INFLUENCE OF BUILDING STIFFNESS

As mentioned, the above methodology of assessing the
risk of damage adopted for the Jubilee Line Extension
is known to be conservative because it neglects the
influence of building stiffness. Recently, Potts and
Addenbrooke (1996 and 1997) carried out a parametric
study of the influence of building stiffness on ground
movements induced by tunnelling using finite element
methods incorporating a non-linear elastic-plastic
soil model.

The building was represented by an equivalent beam
having axial and bending stiffness EA and EI (where E
is the Young’'s modulus, A the cross-sectional area and
I the moment of inertia of the beam). The relative
axial stiffness @' and bending stiffness p are defined
as

o

EA/EH and p° = EI/EH'



Distance from centreline: m

Figure 3. Influenc f rel ive bending stiffness 1
settlement profile and Addenbrooke,
1

where H is the half width of the beam (=B/2) and E, is
a representative soil stiffness. The eccentricity of
the tunnel centre-line is defined as e.

Figure 3 shows the influence of relative bending
stiffness on the settlement profile for a 20m deep
tunnel excavated beneath a 60m wide building with zero
eccentricity. Figure 4 shows modification factors to
the deflection ratios A/L that would be obtained from
the ‘greenfield’ site settlement profiles for sagging
and hogging modes of deformation at different e/B
ratios. It can be seen that, for hogging in
particular, the building changes from relatively very
flexible to relatively very stiff over quite a small
range in relative bending stiffness.

The approach of Potts and Addenbrook of assessing the
influence of the glcbal stiffness of a building is a
most valuable addition to the existing methodology for
assessing the risk of damage. The results can be used
to make more realistic assessments of relative
deflection and hence average strains within a
building. It is only the first step and much still has
to be done to include three-dimensional effects of
building geometry and in assessing the equivalent
flexural and axial stiffness of buildings.

7 MODELLING OF MASONRY BUILDINGS

The above approach of assessing the influence of
building stiffness on relative deflection takes no
account cf possible changes in stiffness due to the
development of cracking. Recently studies have been
initiated in which the mechanical properties of
masonry are included in the analysis (Simpson, 1994,
Burd et al., 19%4). These studies tend to suggest
that damage might occur suddenly once cracking in
unreinforced masonry has initiated.

The above result stems directly from the use of a
model for masonry in which tensile strength reduces
substantially after cracking and is therefore hardly
surprising. The key question is whether large masonry
stuctures do actually behave in this way. Once again
there are very limited field data on which to form a
judgement. In Mexico City many masonry buildings show
remarkable ductility to subsidence. Before work
proceeds much further down this line it is important
to review the properties of various types of masonry
and it is certainly necessary to calibrate predictions
against field observations. It is not difficult to
develop models which show alarming damage
characteristics but they may be far from realistic.

8. CONCLUSIONS

The purpose of this presentation is to highlight some
in

of the gaps in knowledge relation to ground
movements due to tunnelling and their effects on
buildings. It is demonstrated that there are major

gaps and that to fill most of them requires high
quality field studies. Examples are given of the
approach that has been adopted in relation to the work
on the Jubilee Line Extension in London.
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Figure 4. Modifica n factors deflection ratio in

sagging and hogging otts and Addenbrooke,
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