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ABSTRACT: Following the collapse of NATM tunnels at Heathrow Central Terminal area, in Munich and
Sao Paulo (HSE (l996)), there has been much debate concerning the purpose of instrumentation for shallow
NATM tunnels in soft ground. The authors recently experimented with using chain deflectometers and
inclinometers to obtain ground deformations ahead of an advancing NATM trurnel in London clay. The paper
briefly describes the tiurnelling situation. The details of the instrumentation, installation procedures and the
performance of the instrrunentation are discussed. It is finally shown that both inclinometers and chain
deflectometers can be used to obtain reliable information on the ground deformations around and ahead of
advancing NATM tunnels.

l INTRODUCTION

Monitoring forms an essential part of most
geotechnical works, be it simply visual inspections,
the crude monitoring of the settlement of a footing or
a comprehensive monitoring programme including,
for example, the monitoring of ground deformations,
pore pressures, etc. This is especially true for
tunnelling works and the recently completed tunnels
forming part of the Heathrow Express Rail Link at
Heathrow Airport were no exception.

The tunnels forming part of the underground
station at Terminal 4 (see Figure l), which are the
subject of this paper, were constructed using the New
Austrian Tturnelling Method (NATM), using a top
heading, bench and invert sequence. The construction
of the tunnels was extensively monitored as part of a
routine monitoring programme. According to the
objectives and requirements of the monitoring
programme, the following parameters were
monitored:

0 surface settlement and settlement of overlying
structures,

0 vertical ground deformations around the trmnels,
° deformation ofthe tunnel lining,
° pore pressures around the tunnels, and
° the stresses in and on the sprayed concrete tunnel

lining.
The results obtained with the routine monitoring

programme were of considerable interest, but
Lurfortunately space limitations do not allow
discussion in this paper. For details and discussion of

the routine monitoring programme see for example
Powell et al. (I997), van der Berg et al. (l998a); van
der Berg et al. (l998b) and Clayton et al. (in press).
The topic of this paper is the additional
instrrunentation installed to monitor the grorurd
deformation dining the construction of the concourse
tunnel. In the remainder of the paper the additional
monitoring is described, the instrumentation used for
the monitoring and its performance is discussed, and
finally some results are presented and discussed.

Running tunnels Concourse tunnel
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Figure l. Plan layout of Tenninal station ttmnels.

2 DEFORMATION MONITORING

One of the maj or uncertainties in NATM tunnelling is
the material behaviour at the trurnel heading, and
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ultimately its stability. Although most NATM tunnel
failures occur at the tunnel heading as a result of
advancing into unforeseen ground conditions (HSE
(l996)), several other design issues, not necessary
related to tunnel stability, are influenced by the lack of
understanding of the material behaviour at the tunnel
heading, including for example:
0 ground deformations and their influence on

existing structures,
0 the loading (short term) on the temporary lining

which is fruther complicated in a multi-tunnel
system,

0 headwall and junction design,
0 design of monitoring systems, and
¢ compensation grouting systems.
A need for field measurements to enhance
ruiderstanding of the behaviour of NATM tunnel
headings was therefore identified.

The construction sequence adopted at Terminal 4
determined that the concourse 'tunnel could only be
constructed after the permanent lining in the downline
and upline platform tunnels had been completed. This
allowed the opportunity to instrument a section of
London clay between the two platform tunnels and
record the ground deformations resulting from the
construction of the concourse tunnel. A plan layout of
the Terminal 4 concourse tunnel area is shown in
Figure 2.
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Figure 2. Plan of concourse tturnel area, showing the
instrumentation layout.

The installation of the permanent lining in the
upline and downline platform tunnels included stubs
for the cross passages. These stubs were positioned
on opposite sides of the to-be-constructed concourse
tunnel and ultimately the cross passages would link
the platfonn trurnels and concourse. It was therefore
possible to install instrumentation horizontally,
spanning the ground between the stubs in the platform
tunnels. In addition, instrumentation could be
installed vertically, from the surface, on the concourse
trmnel centreline.

The purpose of the additional monitoring was to
obtain a high-quality set of ground displacement data
ahead of an advancing NATM tunnel in order to
enhance understanding of the behaviour of NATM

tunnel headings. The objective of the monitoring was
to measure the horizontal and vertical displacements
in the London clay as the concourse tunnel was
advanced, whilst not causing any disruption to the
construction process.

3 IN STRUl\/[ENTATION SELECTION

To achieve the objective of the monitoring
programme, various instrumentation altematives and
their impact on the construction programme were
considered. The instrumentation alternatives that are
available for measuring horizontal displacement when
installed horizontally are, however, limited. The
instrumentation altematives considered are discussed
by van der Berg & Clayton (1996). In the limited
time available prior to commencing construction it
was decided to use horizontally installed chain
deflectometers for the following reasons:
0 they could be manufactured within the time

available,
0 their precision and accuracy were superior to the

other altematives considered, and
0 their use would not disrupt the construction

programme.
They also had the advantage over vertically installed
instrtunents that when the top heading passed the
instrumentation section, the lower instruments could
still be used. It was, however, the first time
deflectometers would be used for this purpose, and to
verify and supplement the deflectometer results,
vertical inclinometers were also installed.
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Figure 3. Schematic illustration of deflectometer
device.

4 CHAIN DEF LECTOMETERS

A deflectometer is a purpose-built instrument,
originally developed for surveying sub-horizontal
boreholes (Interfels (1996)), in much the same way as
an inclinometer can be used to survey vertical
boreholes. A basic deflectometer device, shown in
Figure 3, consists of two segments connected by an
active measuring element which incorporates an
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universal joint. The sensing element is equipped with
two rotary potentiometers orientated at an 90° angle
relative to one another, thereby measruing the position
of the second segment relative to the first segment in
two perpendicular directions. When surveying a
borehole, the instrtunent is moved through the
borehole while taking readings at regular intervals ot;
for example, 1.0 m.

Similar to an inclinometer, the deflectometer can
be used to measure displacements by surveying a
borehole at regular intervals over a period of time.
Altematively, the deflectometer can be tixed in place
and the movement of the second segment relative to
the first segment recorded over time. When using the
deflectometer as a stationary instrument, more sensing
elements can be added to the basic unit in order to
form a continuous deflectometer chain. Using the
deflectometer as either a mobile or stationary device
has advantages and disadvantages, but during this
monitoring it was decided to use stationary chains of
deflectometers because of the significantly better
precision that could be achieved in this way.

4.1 Deflectometer layout

The instrtunentation layout used for monitoring
ground displacement during the construction of the
concourse trurnel is shown in Figure 2. Figure4
shows a section through a deflectometer
instrumentation section. At each of the two sections,
three deflectometer chains were used to measure
horizontal and vertical grormd displacement ahead of
the advancing concourse tunnel. Each chain
comprised nine segments (8 sensors), seven 1.6 m
long segments and two 1.3 m long end segments,
giving a total length of 13.8 m. All three
deflectometer chains were installed at the'-1 Erst
instrumentation section and were removed just prior
to the concourse tunnel reaching the instrumentation.
After removing the deflectometers they were installed
at the second instrumentation section 14.4 m away.
The vertical position (height) of the three
deflectometers at a deflectometer section was largely
determined by the geometry of the stub. Ideally the
deflectometers would have been positioned to cover
almost the full height of the concourse tunnel face, but
the inside diameter ofthe stub was, however, only two
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Figure 4. Section through deflectometer installation.

thirds of the concourse tunnel height. The drill rig
also had access problems in the top of the stub and as
a result the top deflectometer had to be lowered.

4.2 Installation

The deflectometer chains were installed in 4 mm

thick, 100 mm diameter PVC casing. An auger drill
rig was used to drill the 150 mm diameter holes for
the installation of the casing. The casings were
grouted in-place using a cement grout. The casings
were installed about 3 months prior to construction.

With the concourse tunnel top heading
approximately 15 m away nom the Erst section, the
deflectometers were installed. With the deflectometer

chains in place, each was Hnally positioned to ensure
that it was not buckled and was orientated in the
horizontal and vertical planes. One end-piece of the
deflectometer chain included a spring-loaded top
support which secured the deflectometer chain in
position.

After the deflectometer chains had been positioned,
optical targets (the same as those used for the in
tunnel surveying) were Htted onto both ends using a
specially manufactured aluminium extension. The
targets were surveyed within hours of the
deflectometers being installed and were left in place
for future surveying. The survey readings were used
to calculate the position of the deflectometer chain
ends. The base readings for the deflectometer sensors
were taken immediately after installation and
surveying.

4.3 Recording of readings during construction

A Campbell Scientific data logger was used for the
logging of the deflectometer readings at a
programmed interval. The logging interval was
increased as the tunnel approached. The optical
targets left attached to the deflectometer ends were
surveyed at approximately 24 hour intervals.

The deflectometers were left in place until just
prior to the relevant excavation stage, for example the
top heading, reaching the instrumentation section.
Because of the staggered excavation sequence, the
deflectometers across the top heading, bench and
invert were removed at diiierent times. After the
deflectometers were removed at the first section they
were installed at the second section.

4.4 Processing of results

The deflectometer data were processed using the co
ordinates of the two ends of the chain. This implied
that the displacement of the deflectometer ends had to
be known during monitoring. Although the ends were
surveyed, the precision of the surveying was only of
the order 12.0 mm and could therefore not be used to

determine conclusively the displacement of the
deflectometer ends. The survey data randomly
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scattered between d:2.0 mm, without indicating any
trends, which suggested that the ends did not move.
The ends ofthe casing were fixed in the 200 mm thick
temporary shotcrete headwall of the stubs and were
not expected to move without cracks appearing. No
cracks were observed in the headwall during
construction and, based on this and the smveying
results, it was assumed that the deflectometer ends did
not move.

With the position of the ends of the deflectometer
chain assumed and the horizontal and vertical rotation
at each sensor measured, the horizontal and vertical
profiles of the deflectometer chain were calculated for
each set of readings. The following procedure was
followed during the calculation. With the position of
the two ends ofthe chain known, the inclination ofthe
first segment was estimated. Starting at the one end
and using the estimated inclination and rotations
measured at each sensor, the position of the other end
was calculated. Using an iterative procedure the
inclination of the first segment was varied until the
position of the other end was obtained to within a
specified tolerance (typically < 0.01 mm). With the
horizontal and vertical profiles knovsm the
displacement at each sensor could be calculated from
the base readings.

4.5 Performance

The resolution of the data logger was 1mV with
equates to approximately 0.065 mm for a 1.6 m long
deflectometer segment. The accuracy of the
potentiometers under laboratory conditions is evident
hom the calibration data supplied by the manufacture.
Using a linear calibration relationship the maximum
error expressed as a percentage of the full-scale range
is of the order 0.5%. For a 1.6 m long deflectometer
segment this equates to approximately 1.0 mm.

The perfonnance of the deflectometer chain as a
whole is difficult to evaluate. The resolution of the
deflectometer chain can be estimated by calculating
the displacement resulting hom a 1mV change in
output from one of the deflectometer sensors. This
equates to a resolution of between 0.15 and 0.2 mm,
depending on which sensor’s output is changed. After
monitoring, the precision of one of the deflectometer
chains was evaluated in the laboratory._ The precision
proved to be better than the resolution of the data
logger and therefore the precision can be taken as
similar to the resolution. The accuracy quoted by
Interfels (1996) for surveying a 50 m long borehole
using a mobile deflectometer is i12.5 mm. The
accuracy of the chain detlectometers, as used at
Terminal 4, was expected to be better than this.

Since the purpose of the instrumentation was to
measure displacement and not absolute position, the
precision of the system is of importance and as shown
this was similar to the resolution of the system which
was typically better than 0.2 mm.

5 INCLINOMQETERS

During the construction of the concourse tunnel, a
standard inclinometer was used to measure the ground
displacements ahead of the advancing tunnel in four
vertically installed inclinometer casings. The ptupose
of the inclinometer monitoring was to supplement the
chain deflectometer data, providing a vertical
displacement profile, as well as to assess the results
obtained with the chain deflectometers.

5.1 General layout and installation

The layout of the four inclinometers is shown in
Figure 2. Three of the inclinometers were placed l m
off the concourse tunnel centreline because of fencing
around a grout shaft. The inclinometers were installed
to a depth of 22 m, approximately 1.0 m below the
tunnel invert level.

The inclinometer casings were installed
approximately two months prior to commencing
construction. A light cable percussion drill rig was
used to drill 150mm holes in which the PVC
inclinometer casing was installed. The casing was
orientated with the grooves in line with and
perpendicular to the direction of tunnelling. The
casing was grouted in position using a 1:1 bentonite
cement grout mix.

5.2 Recording of readings during construction

inclinometer readings were taken using a 0.5 m long
INS 4.2 biaxial torpedo and a Model INS 5.2 data
logger from Geotechnical Instrtunents. The
inclinometer uses two force-balanced servo
accelerometers as transducers. The instrument was
calibrated by Geotechnical Instruments before and
after the 1 month monitoring period.

Base readings were taken when the construction of
the concourse tunnel commenced. As the concourse

tunnel approached the instrumentation, the frequency
with which readings were taken was increased. When
the tunnel was within 10 m of the inclinometer,
readings were attempted at least once every 12 hours.
Readings were taken until the inclinometer was
destroyed by the concourse turmel top heading.

5.3 Processing of results

To process the results the position of either the top or
the bottom end of ar1 inclinometer casing had to be
known. Since the casings were not installed deep
enough, the bottoms of the inclinometers were not
fixed and the assiunption that the position of the top
was known had to be made. The positions of the tops
of the inclinometer casing were monitored by
surveying them with a total station. Unfortunately the
surveying was infrequent during the intense one
month monitoring period, and, furthermore, the
precision of the surveying proved to be insufficient for
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determining the displacement of the tops of the
casing.

The asstunption was therefore made that the top of
the inclinometer casing did not move in the direction
of tunnelling. To check this assumption the
horizontal displacement at surface in the direction of
tunnelling can be calculated using a cumulative
probability function (Attewell & Woodman (l982)).
Assuming a maximum settlement of 15 mm and the
details of the concourse tunnel, the calculated
horizontal displacement is 3 mm. Inspection of the
inclinometer results suggests that the displacement of
the top of the casings was less than 3 mm. The
evidence therefore suggests that the assumption that
the top of the inclinometer casing does not displace in
the horizontal direction is reasonable.

5.4 Pezformance

The manufacturer of the inclinometer does not supply
an accuracy or precision for the instrmnent, but quotes
a ‘sensitivity’ of approximately 10.1 rmn per 500 mm
gauge length. The manufacturer verbally confirmed
that the precision of the instrument should be of the
same order of magnitude.

As the profile measured with an inclinometer is
calculated cumulatively from readings taken whilst it
is withdrawn or inserted, the accuracy of
measurement deteriorates with distance Hom the
assumed tix position. The accuracy and precision of
an inclinometer measurement is therefore difficult to

estimate. For the monitoring at Terminal 4, the
absolute accuracy of the measurements was not
important, since it was displacement (change in
position) that was of interest. The precision of the
inclinometer system was therefore of greater
importance. Dunnicliff (1988) quotes the precision,
including repeatability of surveys, of inclinometers
incorporating a force-balanced accelerometer
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Figure 5. Displacements recorded in the transverse
direction at Inelinometer l.

transducer to range between i 1 and 13 mm over a
30 m length. This is a fairly large range and takes into
account different inclinometer systems and their
operation.

The precision of the inclinometer readings at
Heathrow is illustrated ir1 Figure 5. The figure shows
all the displacement profiles measured in the
transverse direction during the monitoring at
inclinometer l. Since the inclinometer was close to
the tunnel centreline it is reasonable to assume that
there would be no displacement in this direction and
that the readings should therefore reflect the precision
of the inclinometer system. Except for one set of
readings, the displacement measured varied between
-l mm and +l.5 mm over the 22 m length and
confirms the satisfactory performance of the
inclinometer during the monitoring.

6 RESULTS

The results obtained with the chain deflectometers
and inclinometers were very encouraging and
provided useful information on the ground
displacement ahead ofthe advancing NATM tunnel.

Figure 6 shows an example of the displacement in
the direction of tunnelling (referred to as the
longitudinal displacement), measured with one of the
chain detlectometers. The result was obtained with
the top deflectometer at the second instrumentation
section. Shown in the figure are the displacement
profiles obtained at different times as the concourse
tunnel approached. From the figure it is evident that
the maximum longitudinal displacement measured
with the detlectometer was of the order 14 mm.

Figure 7 shows a typical inclinometer result and
was obtained at inclinometer l. Shown in the figure
are the longitudinal displacement proiles obtained as
the concourse tunnel approached. The figure shows
that the maximum longitudinal displacement recorded
with the inclinometer was of the order 18 mm. This

displacement is higher than that obtained with the
detlectometer, but it should be noted that the level of
the deflectometer was below the level at which the
maximum displacement was recorded with the
inclinometer.

ln general there was a good correlation between the
detlectometer and inclinometer results. The following
general conclusions can be drawn iiom the results:
0 Ground deformation was frst recorded when the

top heading was approximately one tunnel
diameter away.

¢ The  longitudinal ground displacement
measured was of tl1e order 16 to 19 rr1m and
occurred more or less in the centre of the top
heading excavation. Extrapolation of the
longitudinal displacement measurements shows
that the maximiun ground displacement at the
tunnel face is ofthe order 25 mm.
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Figure 7. Displacements recorded in the transverse
direction at lnclinometer 1.

° Vertical displacements measured with the chain
detlectometers located across the top heading
section were small, of the order 2 mm downwards.

0 Vertical displacements measured with the chain
detlectometer located across the invert section
showed a maximiun upwards movement of 5 mm
once the top heading had passed the section.

7 CONCLUSIONS

The additional monitoring carried out during the
construction of the concourse tiurnel showed that
detlectometers and inclinometers combine well and

can be reliably used to measure the ground
displacements arorurd an advancing tunnel heading to
accuracies of 11.5 mm. These displacements can be
compared with the results of three dimensional finite

element modelling and are useful to enhance
understanding of the tunnel heading behaviour.
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