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ABSTRACT: This paper investigates the use of a simple semi-empirical method for predicting the ground
displacements caused by grouting operations. The method is based on the traditional semi-empirical method for
predicting the three dimensional ground movements around tunnels. In the case of grouting operations, however,
the grouting tubes are treated as very small tunnels and the grout injection as a negative ‘volume loss’, i.e. an
expansion, based on the volume of grout injected.
Field measurements taken inside the Piccadilly Line tunnels at the Central Terminal Area (CTA) Stations in
1994 during the construction of the Concourse tunnel, for the Heathrow Airport Express, are used as an example
to test the method.
The paper explains the method and presents the results as applied to the grouting at Heathrow. Examples of
the settlement, rotation and distortions predictions of the Piccadilly Line tunnels made using the methods are
compared to the actual measurements. The results show that the method has the potential to provide a reasonable
first estimate of the likely effects of grouting on the surrounding ground and, in the case at Heathrow, the effects
on an adjacent tunnel. The paper also investigates the sensitivity of the input parameters used in the method and
discusses its limitations.

1

INTRODUCTION

Cooper & Chapman (2000) analysed settlements,
rotations and distortions generated in the existing
Piccadilly Line tunnels at the Central Terminal Area
(CTA) Station, Heathrow, during the construction of
the Heathrow Airport Express tunnels (Fig. 1). During the analysis of the results the authors found
some monitoring measurements taken inside the Inner
Piccadilly Line tunnel could not be explained with
the traditional theories and they suspected that the
measurements were caused by grouting placed from
South Escape Shaft to protect one of the surface
structures.
The current authors investigated the grouting
records in detail and found that grout was placed using
eight tube-a-manchettes (TAMs) before the Concourse
tunnel was constructed. For the TAMs installed, it was
considered that TAMs No.14 and 15 were the most
likely to have influenced the monitoring measurements
inside the Inner Piccadilly Line tunnel due to their
proximity to the tunnel and the relatively large amount
of grout injected at these locations. The plan and the
cross-section given in Figures 2–3 show the positions
of these TAMs in relation to the Inner Piccadilly Line
tunnel.
This paper introduces a method of estimating the
effect of grouting on an adjacent structure, with

Figure 1. Layouts of the Piccadilly Line tunnels and the
Heathrow Airport Express tunnels at CTA Station (Cooper &
Chapman 2000).

reference to the additional effect on the settlement,
rotation and distortion measurements obtained inside
the Inner Piccadilly Line tunnel during the construction of the Concourse tunnel below.
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Figure 2. Plan showing the position of the TAMs considered
to influence the Inner Piccadilly Line tunnel (Balfour Beatty
Grouting Records 1995).

Figure 4. Measurements taken inside the Piccadilly Line
tunnels (Cooper & Chapman 2000).

Figure 3. Section showing the position of the TAMs considered to influence the Inner Piccadilly Line tunnel (Balfour
Beatty Grouting Records 1995).

2

METHODOLOGY

A simple semi-empirical method to assess the likely
movements caused by grouting operations has been
developed. The method is based on the traditional
semi-empirical method for predicting the three dimensional ground movements around tunnels.
Gaussian curve fitting of the monitoring data
obtained inside the Inner Piccadilly Line tunnel was
carried out to determine the associated volume losses
and trough width parameters associated with various
stages of the Concourse tunnel construction. This was
felt appropriate in this case as the authors were not
trying to predict the ground movements due to the tunnelling operations, but to estimate the additional effect
from the grouting. Figure 4 shows the cross-sectional
measurements taken inside the Piccadilly Line tunnels. More details of the monitoring regime can be
found in the paper by Cooper & Chapman (2000). The
settlement readings at track level were plotted against
projected distance (i.e. the offset distance from the
centreline of the Concourse tunnel) in order to produce
transverse sub-surface settlement troughs. The average

Figure 5. Comparison of a best-fit Gaussian curve and
curves obtained using other methods of determining the
trough width parameter with measured settlements from
inside the Inner Piccadilly Line tunnel.

volume loss due to the Concourse tunnel construction
observed from the settlements obtained from inside
the Inner Piccadilly Line tunnel was estimated to be
1.3%. The Concourse tunnel was constructed using the
sprayed concrete technique in a drift and enlargement
arrangement (Cooper 2001).
The settlements obtained from a best-fit Gaussian
curve is compared with settlement profiles obtained
using other reported methods of determining the
trough width parameter, i, in Figure 5. This indicates
that the curve formed by the field measurements has
a much wider trough width compared to the predictions made using various theories and conforms observations made by Grant & Taylor (2000) suggesting that
the Gaussian assumption underestimates the magnitude of settlement at the edge of the trough.
In the proposed method for introducing grouting
into the prediction of ground movements, the grout
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tubes in this case (i.e. TAMs No. 14 and 15) are substituted with one grout tunnel positioned at the same
proximity and at right angles to the Inner Piccadilly
Line tunnel. The grout injections are treated as a
negative volume loss, i.e. expansion, based on the
volume of grout injected. The total volume of grout
injected through TAMs No.14 and 15 was found to be
2300 litres and- this volume was assumed to be distributed uniformly over the full 16 m sleeved length of
the TAMs (Source: Balfour Beatty Grouting Records
1995). The trough width parameter, i required to estimate the width of the Gaussian curve for the ground
movements associated with the grout tunnel was estimated by assuming a factor of 0.5 (i = 0.5 × distance
from the grout tube to depth of interest) as suggested by
O’Reilly and New (1982) for tunnelling displacements
in clay soils.

3

Figure 6. Settlement of the Inner Piccadilly Line tunnel
(Concourse drift 8.9 m before, and enlargement 22.8 m
before, the centreline of the Inner Piccadilly Line tunnel).

PREDICTIONS ON SETTLEMENT,
ROTATION, DISTORTION AND ITS
DISCUSSION

The volume loss and trough width parameter obtained
from the best-fit Gaussian curves and the negative volume loss of 2300 litres have been used as inputs to
all the predictions presented here. It should also be
noted that the field measurements taken between 85 m
to 105 m were believed to have been affected by the
grouting operation.
Figures 6–8 show the semi-empirical predictions
for three sets of field data covering dates from when
the construction face of the Concourse tunnel was
approaching to well passed the Inner Piccadilly Line
tunnels. Three positions of the Concourse tunnel heading (drift and enlargement faces being treated separately as two tunnels) have been used to simulate
the tunnel driving process and to obtain progressive settlement curves. From Figure 6, which shows
the predictions of settlement as the concourse tunnel
approaches the Inner Piccadilly Line tunnel, it would
appear that the semi-empirical predictions are not as
accurate for the later stages. In order to investigate the
sensitivity of the longitudinal trough width parameter
(ix ) on these predictions, the curves for two different
ix values are shown on Figures 6–7. This shows that
during the earlier stages of the Concourse tunnelling,
predictions using ix = 0.75iy produced a better fit than
when ix = iy . However, the difference becomes much
less once the drift reaches the Inner Piccadilly Line
tunnel.
The interesting feature from the observed settlements is the small heave to the right of the centreline of
the troughs (Fig. 5), which the authors suspect is due
to the grouting. The proposed method of simulating
the grouting operation appears to provide a reasonable estimation of the displacements and, although the

Figure 7. Settlement of the Inner Piccadilly Line tunnel
(Concourse drift 8.2 m beyond, and enlargement 9.3 m before,
the centreline of the Inner Piccadilly Line tunnel).

Figure 8. Settlement of the Inner Piccadilly Line tunnel
(Concourse drift 38 m beyond, and enlargement 20 m beyond,
the centreline of the Inner Piccadilly Line tunnel).

magnitudes are less than the measured values, possibly due to the grout not being injected uniformly along
the full sleeved length of each TAMs as assumed, the
results are encouraging.
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Figure 9. Rotation of the Inner Piccadilly Line tunnel (Concourse drift 38 m beyond, and enlargement 20 m beyond, the
centreline of the Inner Piccadilly Line tunnel).

Figure 10-a. Rotation of the Inner Piccadilly Line tunnel
using a trough width parameter of 7 m instead of 10.5 m (Concourse drift 38 m beyond, and enlargement 20 m beyond, the
centreline of the Inner Piccadilly Line tunnel).

Figure 10-b. Associated settlement with the rotation presented in Figure 10-a.

Rotation of the Inner Piccadilly Line tunnel was
calculated by taking the difference between the settlement measurements from the two leveling points on
either side of the track (Fig. 4). Semi-empirical predictions of rotation are presented in Figure 9. Positive
values represent anti-clockwise rotation when viewing a cross-section of the Inner Piccadilly Line tunnel

Figure 11. Distortion on ‘Line C’ (Concourse drift 8.2 m
beyond, and the enlargement was 9.3 m before, the centreline
of the Inner Piccadilly Line tunnel).

and the Concourse tunnel heading passes from left to
right beneath, while negative values indicate clockwise rotation. It would appear that the magnitudes of
the predictions are significantly smaller than the measured values, although the trends of the rotation are
predicted quite well. An improved ‘fit’, in terms of
magnitudes of the rotations, can be obtained by using
a different trough width parameter for the movements
caused by the Concourse tunnel (i = 7 m) (Fig. 10-a).
However, this causes the settlement prediction to be
overestimated (Fig. 10-b).
Once again the area where the grouting operation
is simulated improves the predictions of the rotations locally when compared to the ‘without grout’
prediction.
Figures 11–13 show the semi-empirical predictions
for ‘distortion’as indicated by changes to various measurements taken inside the Piccadilly Line tunnels
using tape-extensometers as shown in Figure 4. The
measurements relate to when the Concourse drift was
8.2 m beyond and the enlargement was 9.3 m before the
centreline of the Inner Piccadilly Line tunnel. Positive
values of distortion represent elongation of a particular
dimension, while negative values indicate shortening.
The cross-section of the Inner Piccadilly Line tunnel
was re-constructed on the basis of the base readings
of the tape-extensometers to determine the exact positions where the tape-extensometers would be attached
to the wall of the Inner Piccadilly Line tunnel (no
accurate information on this was shown in the site
records). The section was assumed to be elliptical with
the major axis horizontal and symmetric about the vertical axis, thereby enabling sensible assessment of the
tape-extensometer readings to be made.
From the distortion predictions presented here, it
would appear that the prediction method as applied to
the distortion of the Piccadilly line tunnels is capable
of indicating the general patterns of the movements.
However, the interpretation of the magnitudes of these
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Figure 12. Distortion on ‘Line E’ (Concourse drift 8.2 m
beyond, and the enlargement was 9.3 m before, the centreline
of the Inner Piccadilly Line tunnel).

Figure 13. Distortion on ‘Line F’ (Concourse drift 8.2 m
beyond, and the enlargement was 9.3 m before, the centreline
of the Inner Piccadilly Line tunnel).

movements is far from straightforward.The main problem is that the semi-empirical method predicts the
movements in a homogeneous soil mass and does
not consider that fact that a tunnel exists instead of
just soil. The fact that the tunnel consists mainly of
unbolted segmental lining which are often not evenly
positioned and are therefore likely move erratically
which could be a cause for the poorer predictions of
magnitude for the distortions. Different distributions
of grout along the TAMs were also used to investigate if this improved the distortion predictions locally
between chainage 85 and 105 m. Figures 14–15 have
the volume of expansion concentrated over the last
10 m of sleeved length of the TAMs rather than 16 m. It
can be seen that distortion prediction for measurement
F is improved while the prediction for measurement C
is not.
The followings reasons could also affect the accuracy of the magnitude of the settlement, rotation and

Figure 14. Distortion on ‘Line C’ assuming a 10 m sleeved
length of TAM for the grouting prediction (Concourse drift
8.2 m beyond, and the enlargement was 9.3 m before, the
centreline of the Inner Piccadilly Line tunnel).

Figure 15. Distortion on ‘Line F’ assuming a 10 m sleeved
length of TAM for the grouting prediction (Concourse drift
8.2 m beyond, and the enlargement was 9.3 m before, the
centreline of the Inner Piccadilly Line tunnel).

distortion predictions: (1)The Gaussian curve assumption underestimates sub-surface settlement at the edge
of the trough. (2) Stiffness changes in the soil due
to prior ground disturbance caused by the drift face
excavation cannot be considered when predicting the
movements associated with the enlargement stage.
(3) The actual shape of the Concourse sub-headings
was not circular, which means the surrounding ground
movements would not necessarily obey the radial flow
assumption. (4) The predictions of distortion rely on
assessing the horizontal movements in the ground.
The current example assumes these movements are
directed to a point below the tunnel axis level and it is
known that the horizontal movements predictions are
relatively sensitive to this assumption. Adopting the
‘Ribbon Sink method’ (New and Bowers 1994) could
be a possibility to improve the predictions. (5) For
simplicity, the method proposed in this paper for predicting the effects of grouting on the surrounding
ground uses a negative volume loss in the equations
based on the traditional Gaussian curve assumption.

367
Copyright © 2006 Taylor & Francis Group plc, London, UK

However, this may not be the best approach and needs
further investigation. A cavity expansion analysis may
offer a more reliable method.
It would appear from the case study used in this
paper that the structural deformations induced by the
grouting can be simulated quite well assuming the
TAMs are small tunnels and by using a negative volume loss to simulate the grout injection. However,
predicting the magnitude of the ground movements is
far from simple because it is difficult to know where
and how much grout is placed, and therefore a sensitivity analysis is recommended. Nevertheless the method
is easily used in a spreadsheet and could offer a first
estimate of the likely effects of grouting on an adjacent
structure.

It has been demonstrated that the effects of grouting can be reasonably well simulated by assuming the
TAMs are small tunnels and by applying a negative
volume loss. In the example used in this paper, the
grouting process generated some movements in the
existing Inner Piccadilly Line tunnel, altering the settlement patterns (heave), rotation and distortions of the
tunnel. It is important to conduct a sensitivity analysis
due to the uncertainties of grout volume and the exact
location of grout placement along each TAM. Further
work is currently being carried out to see if comparable
results can be obtained using simple cavity expansion
theories.
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