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ABSTRACT: This publication presents observed settlement of an existing cast iron tunnel that was 
influenced by the excavation of a new tunnel directly beneath and parallel to its axis for more than 100 m. 
The existing tunnel is 2.7 m in diameter and the new tunnel is up to 11 m in diameter. The clearance 
between the two was around 2 m. The new excavation took place in two stages; a 6 m diameter pilot tun-
nel, and a later enlarged to approximately 11 m in diameter. The longitudinal deformation of the existing 
tunnel due to these two stages was monitored using a newly developed ‘digital image correlation’ tech-
nique (CSattAR) and fibre optic sensing cables. This paper focuses on the CSattAR data which show that 
at subsurface level, the magnitude of the immediate longitudinal ground movement ahead of the tunnel-
ling face in London Clay is likely to be less than empirical assessment methods suggest.

a distance of around 30 m and with a 20 minutes 
measurement frequency. This paper highlights our 
current knowledge about these longitudinal move-
ments and draws comparisons to the observations 
that have been made in this case study.

1.2 CSattAR photogrammetric monitoring

CSattAR is a photogrammetric system that oper-
ates based on ‘digital image correlation’ to track 
the new position of predefined targets in image 
space (pixel units) before converting them into 
engineering units. CSattAR’s operational software 
‘Sattar’ makes it possible to select targets (natural 
features or printed targets) within the monitored 
environment in a reference image and processes 
the subsequent collected images to measure move-
ments and deformations. This process is called 
‘Sattar’ Image Tracking (SIT). This system has 
been installed along a number of other monitoring  

1 INTRODUCTION

1.1 Objective of the paper

This paper presents the observations that have 
been made with respect to the longitudinal ground 
settlement ahead of the tunnelling face during 
the excavation of the eastern section of Liver-
pool Street Station’s east-bound platform tunnel 
(PTEE) as part of London’s Crossrail project.

Installation of a new photogrammetric system, 
CSattAR, has enabled a detailed measurement 
of the settlement of an existing tunnel directly 
above and parallel to the new tunnel as the work 
proceeded.

This unusual parallel alignment between the two 
tunnels and the monitoring of close-centred multi-
points along the existing tunnel lining has made it 
possible to quantify the imposed longitudinal set-
tlements on the surrounding ground and ahead of 
the tunnelling face at intervals as close as 0.5 m for 
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systems to understand the behaviour of the exist-
ing tunnel and the imposed ground movements as 
new tunnelling proceeded (Alhaddad et al. 2013).

This paper focuses on settlement measurements 
of an intense number of targets that had been 
monitored over a 30  m section of the Cast Iron 
(CI) tunnel.

2 THE SITE AND CONSTRUCTION

2.1 Crossrail project at liverpool street station

Crossrail is a new 21  km addition to London’s 
underground network which will connect Maiden-
head and Heathrow in the west of London with 
Shenfield and Abbey Wood in the east. Upon com-
pletion, it will increase the rail-passenger capacity 
by around 10%.

At London Liverpool Street, the new platform 
stations are constructed using Sprayed Concrete 
Lining (SCL) techniques and the section of inter-
est here is excavated in two stages: an SCL pilot 
tunnel of approximately 6 m diameter from west 
to east followed by an enlargement of the diameter 
to 11  m. Devriendt & Alhaddad (2015) describe 
the site and show an overview of the influence of 
the SCL excavation on the entire Royal Mail Tun-
nel (RMT) from the data that were collected from 
the conventional monitoring systems. This paper 
focuses on the eastern section of the tunnel that is 
positioned above PTEE. For a distance of around 
100  m, PTEE was constructed in parallel, below 
the existing RMT with a clear distance of less than 
2 m between the two as shown in Figures 1 and 2.

2.2 The Royal Mail Tunnel (RMT)

The RMT is lined with bolted grey cast iron seg-
ments and was constructed between 1914 and 1917. 
Since 2004, it has not been in use and presently only 
used occasionally to run battery-operated locomo-
tives to support inspection or maintenance visits.

Where monitored for this trial, it has an inter-
nal diameter of 2.743  m (Fig.  3). At the eastern 

end of the Crossrail eastbound platform tunnel 
it increases in diameter to 3.3 m, 3.9 m and 4.6 m 
(a step-plate junction) before splitting into two 
roughly 2.5 m diameter tunnels (Fig. 1). The lining 
is built of 0.5 m long rings that are bolted to each 
other at their flanges.

Before the work starts, an inspection carried out 
by the contractor confirmed that the tunnel was in 
good condition and no obvious cracks or defor-
mations were reported, although many bolts were 
recorded missing and signs of water ingress could 
be seen. A typical schematic of the missing bolts 
and tunnel cross-section is shown in Figure 3.

Figure 1. Plan and section of Liverpool Street Station 
and RMT.

Figure  2. Plan and elevation of SCL excavations 
beneath RMT.

Figure  3. Condition and geometry of RMT above 
PTEE.



345

The trackbed of the RMT is made up of an in-
situ cast concrete block. However, the quality and 
consistency of the concrete is not known and his-
toric drawings and records show that there is an 
underlying layer of ballast material beneath the 
concrete surface.

After completion of the new PTEE construc-
tion, no damage was observed in the lining or the 
trackbed of this section of the RMT.

2.3 Geology and stratigraphy

The geological sequence for the site comprises 
Made Ground (5 m), River Terrace Deposit (4 m), 
London Clay (30  m), Lambeth Group (20  m), 
Thanet Sand and Chalk. The invert of the enlarged 
tunnelling touches the Lambeth Group (a sandy 
material) and the rest of the opening and the RMT 
are entirely within the London Clay.

2.4 Construction progress

Construction of the SCL tunnelling progressed 
at 1 m advances and in this part of the work for 
enlargement stages the sequence was to excavate 
two advances above the existing level of the invert 
and then expand the invert for these two advances 
to the designed enlarged level (Fig.  5). The pilot 
excavation proceeded uniformly while the enlarged 
diameter varied (to accommodate Cross-passages) 
as can be seen in Figure 2.

The excavation face had a curved profile as 
shown in Figure 5 and construction progress was 
recorded on a daily basis (or for each shift when 
the excavation is 24 hours). Pilot excavation influ-
encing the monitored area reached the section after 
1st of September and it passed directly under the 
camera positions around 20th of September. By 

the end of September 2013 it had left the Zone Of 
Influence (ZOI). The enlargement stages reached 
the ZOI after 20th of January, passing underneath 
the cameras around 20th of February 2014 and 
leaving the ZOI by the end of the month.

The daily recorded construction progress is 
shown in Figure  5. Note that the construction 
rate is not constant, especially for the pilot stage 
of construction. The maximum rate for the pilot 
excavation is 5 advances a day, while enlargement 
has generally been excavated at 1–2 advances a day.

3 LONGITUDINAL SETTLEMENT AHEAD 
OF THE TUNNELLING FACE

3.1 Propagation of tunnelling induced ground loss

Ground loss refers to the magnitude of the total 
volume of the soil that finds its way into the exca-
vated area during tunnelling (often measured as 
percentile of the total volume of the excavated soil 
and referred to as volume loss) before the tunnel 
lining has gained enough strength and stiffness to 
arrest soil movements.

It has been widely observed and accepted that 
the immediate and short-term movement of soil 
is propagated towards the surface, deforming the 
ground level in a transversely ‘Gaussian-like’ curve 
and longitudinally ‘cumulative normal distribu-
tion-like’ curve, as seen in Figure 6. Note that ‘x’, Figure 4. Stratigraphy.

Figure 5. SCL construction; pilot (right) and enlarge-
ment (left).



346

‘y’ and ‘z’ refer to the longitudinal, transverse and 
vertical axes respectively.

Volume loss on the surface is not necessarily 
equal to the ground loss around the excavation 
(Mair & Taylor 1997), therefore understanding 
the propagation of ground loss directly above the 
tunnel lining and up until it reaches the ground 
surface is fundamental to help predict the imposed 
movements and deformations on the neighbouring 
assets. The following section highlights the com-
monly held views about the deformations longitu-
dinally (for open face excavation in clay).

3.2 Longitudinal settlement ahead of the face

Attewell & Woodman (1982) proposed a 3D equa-
tion for surface settlement, based on the assump-
tion that the excavated tunnel is a point source of 
loss and moves linearly along its axis from xi (initial 
position) to xf (final position), causing a transverse 
settlement profile with a Gaussian distribution 
shape and a constant volumetric deformation. 
The longitudinal settlement profile should take the 
form of a cumulative probability curve and settle-
ment S at any point can be measured from follow-
ing equation:

S=
V

2 i
exp

y

2i
G

x x

i
G

x x

i
s

2

2

2

i f

π y y x x

− −
−

−


































 (1)

where Vs is volume loss, y is the horizontal distance 
from the tunnel centre line, iy is the transverse dis-
tance from the tunnel centreline to the point of 
inflection, ix is width of longitudinal settlement 

profile and G exp dα β
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found from standard probability tables.
O’Reilly & New (1982) showed that settlement 

trough ‘i’ (transversely) is an approximately lin-
ear function of the depth of the tunnel and stated 
that it is broadly independent of tunnel diameter 

and construction method; proposing the simple 
approximate relationship defined in Equation 2:

i =Kzo  (2)

where z0 is the tunnel axis depth and K is the trough 
width parameter (usually is 0.5 for London Clay).

Through a number of case studies Attewell & 
Woodman (1982) showed that without face sup-
port for the tunnel, the vertical surface settlement 
directly above the tunnel face in firm-to-stiff  clay is 
between 30 and 50% of the total undrained settle-
ment (it should be noted that theoretical prediction 
from equation 1 results in 50% ratio). This propor-
tion can be much smaller when there is significant 
face support as in Earth Pressure Balance (EPB) or 
slurry shield machines (Mair & Taylor 1997) and 
could even potentially result in heave (Selemetas 
2005) when the earth pressure at the face increases 
during the boring process.

Unlike surface deformations, there is less data 
available for subsurface deformation monitoring 
during tunnelling projects. This is mainly due to 
the costs and the difficulties associated with the 
installation of appropriate instrumentation (requir-
ing borehole coring from the surface or available 
spaces underground and relatively complex fitting 
of inclinometers and extensometers).

However, it is becoming increasingly important 
to understand subsurface movement of soil and 
improve our ground prediction methods when infra-
structure projects are proposed. Subsurface move-
ments apply stresses on the ageing underground 
assets in urban areas. Predicting these movements 
correctly and understanding their influence on 
these assets will have an important contribution on 
the effectiveness and efficiency of construction.

When Gaussian curve fitting to surface and sub-
surface ground movements; Mair et al. (1993) rec-
ommended changing ‘K’ values with depth, based 
on a correlation that is driven by a number of cen-
trifuge tests and field measurements.

The resulted settlement trough width ‘i’ for level 
of interest at depth ‘z’ is described as:

i K z z= −( )0  (3)

where ‘K’ was shown to best fit Equation 4:
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These equations have since been adopted to 
derive settlement trough parameters for empirical 

Figure  6. Settlement above tunnelling (Attewell et al. 
1986).
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assessments. During design stages and when con-
sidering empirical assessment ‘K’ is often assumed 
to be equal at both directions; longitudinally and 
transversely (hence iy = ix).

4 EMPIRICAL ASSESSMENT OF GROUND 
MOVEMENTS

4.1 Point sink method

New & O’Reilly (1991) adapted the equations pro-
posed by Attewell a Woodman (1982) to predict 
the settlement component as described below (this 
is computationally simpler than equation 1):
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where exp(x) is the exponential function and erf(x) 
is the error function. The latter is defined as:

erf z = e dt
0

z

t2( ) ∫
2

π

−  (6)

The assumption is that the ground loss occurs at 
a linearly translating point at the axis of the exca-
vation and that all ground deformations take place 
at constant volume loss.

Ground movements are derived by generating a 
Gaussian distribution curve of settlement move-
ments at the depth of interest and by assuming that 
movements are directed towards a ‘point sink’. The 
shape and the trough width of this Gaussian curve 
are functions of an assumed volume loss and z0.

The main advantage of using this method is its 
simplicity. It has arguably been the most common 
predictive method for clayey soil and generally 
provides good matches with settlement data, espe-
cially at surface level. Although very good matches 
with centrifuge tests have been reported (Grant & 
Taylor 2000), there is little site data available to 
validate its applicability for predicting transverse 
movements.

This method, however, has been found to be less 
representative when the area of interest is in close 
proximity of the excavation and its short comings 
have been highlighted by Mair et al. (1993), Grant 
& Taylor (2000) and New & Bowers (1994).

4.2 Ribbon sink method

New & Bowers (1994) show that spreading the 
point sink below the tunnel invert into a ‘ribbon 

sink shape’ (Fig. 7) gives closer matches, especially 
for regions closer to the tunnel lining. However, at 
the surface, this method tends to give larger settle-
ment trough width, resulting in smaller maximum 
settlement values and larger horizontal movement 
predictions than the Mair et al. (1993) method.

The method is essentially identical to the point 
sink assumption, apart from the fact that the 
source of movement has been spread equally along 
a ribbon shape line and integrated accordingly. 
This satisfies the condition of the plain strain con-
stant volume deformation principle.

New & Bowers (1994) highlighted that the 
simple assumption that ground deformations are 
pointed at a point sink located at the tunnel axis 
causes over-prediction of maximum settlement and 
under-predicts the trough width. This assumption 
also limits the applicability of the equations above 
to a distance more than one tunnel diameter away 
from the periphery of the excavated tunnel.

Their method provides good matches with the 
field data they investigated. This method consid-
ers a ribbon-shaped zone of ground loss at eleva-
tion z = 0 running between x = xi and x = xf and 
of width ‘w’, lying between y = −w/2 and y = w/2 
(Fig. 7 and note that ‘z’ is here is the depth to the 
tunnel invert).

Considering a narrow strip (ribbon) of width δt 
at y  =  t, then, the displacements (s, hx, hy) at the 
point with co-ordinates (x, y, z) due to the exca-
vation of the ribbon are given by the following 
equations:
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Figure 7. Ribbon sink model (New & Bowers 1994).
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And integrating with respect to ‘t’ from t = −w/2 
to t = w/2 to give a total displacement of S for point 
(x, y):

S=
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5 FIBRE-OPTICS LONGITUDINAL 
STRAIN OBSERVATIONS

5.1 Background of fibre-optics measurements

Distributed Fibre Optic Sensing (DFOS) is 
installed along the crown of the RMT tunnel lin-
ing for a length of 40 m along the same section that 
is monitored with the CSattAR system.

DFOS is a technique used to obtain the continu-
ous strain profile along a fibre optic strand. More 
precisely, the technique used here is Brillouin Opti-
cal Time-domain Reflectometry (BOTDR). Due to 
natural inhomogeneities in the make-up of the fibre 
optic strand, a small amount of the injected light 
signal is reflected back to source, this phenomenon 
is known as back-scattering. The DFOS analyser 
injects a square-wave pulse of laser light into the 
fibre optic strand and listens to the response. The 
peak of the response in the Brillouin spectrum is 
known to shift linearly with respect to mechanical 
and temperature induced straining upon the fibre 
optic strand. Hence, if  the temperature is known, 
then the mechanical strain can be isolated; turning 
the entire length of a fibre optic cable into a contin-
uous strain sensor that can extend for many km’s.

A series of aluminium ‘L’ brackets were installed 
to anchor a fibre optic strand to consecutive tunnel 
rings (effectively at every 0.5 m) along the crown of 
the tunnel lining for a length of ∼40 m as shown 
in Figure 8. The strand was pre-strained to allow 

capture of compressive strains (by relaxation of 
the strand) before it was attached by adhesive to 
the ‘L’ brackets. Further details are given in Gue 
et al. (2015).

5.2 Longitudinal strain within the RMT

The DFOS strain profile shown as a superposition 
of all static monitoring points, normalised against 
the relative position of the tunnelling advance for 
the pilot tunnelling stage is shown in Figure 9 (a), 
where a maximum tensile strain is seen to develop 
in the tunnel crown of the RMT with magnitude 
of 0.013% as the new tunnel face is approximately 
3D before the respective monitoring position. This 
is representative of a trough width parameter K of 
1.65; whereas using the Mair et al. (1993) method 
this would be expected to be 1.025.

Thus it appears, that for the pilot tunnelling 
stage, the tensile straining is present within the 
RMT at a greater distance than the design model 
would suggest. The design model derived strain for 
New & Bowers (1994) with K = 0.5 and volume loss 
of 1.25% is shown alongside the DFOS data in the 
figure, showing 0.024% tensile strain prediction, 
approximately twice that of the DFOS observation.

Figure 9 (a) also shows that the position of peak 
compressive strain from the DFOS is observed to 
be approximately 7 m ahead of the tunnel face, with 
magnitude of −0.028%. Within the design model 
framework, it is assumed that 50% of the vertical 

Figure 8. FO cable installation on the crown of RMT.

Figure 9. Design model & DFOS strain data for tun-
nelling stages; 1/max ATS settlement and DFOS longi-
tudinal for pilot (top) and enlargement (bottom) stages.
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settlement occurs inline with the tunnelling face, 
and that at this position, the longitudinal flexure 
of the existing tunnel lining is transitioning from a 
hogging (bending downward) to a sagging (bending 
upward) mode. Under this assumption, if the strain 
that develops within the existing tunnel lining is fully 
attributed to flexure (or curvature), then compres-
sive straining cannot be present ahead of the tun-
nelling face. Gue et al. (2014) investigates this same 
project and discusses the possibility of a shear zone, 
present ahead of the tunnel face, causing the tunnel 
lining to advance into a sagging mode ahead of the 
approaching tunnelling operation. It is noteworthy 
that the width between the strain peaks, observed 
and predicted, are similar here, for a K of 0.5.

Figure 9 (b) shows the enlargement stage strain 
data from the DFOS, again alongside the New & 
Bowers (1994) derived strain prediction. It can 
be seen that a much closer match of observed to 
predicted data can be seen; albeit the tensile strain 
development within the tunnel lining from the 
DFOS appears to lag the prediction, with peak 
tensile strain developing approximately inline with 
the tunnelling face. It is noteworthy that here, the 
width between strain peaks is significantly over-
estimated by the design model with respect to the 
observation, indicating that the effects of longitu-
dinal settlement are somewhat truncated.

For clarity, Figure  10  (a) takes forward the 
pilot tunnel data from Figure  9  (a) and plots it 

in terms of 1/max strain against ATS settlement 
data for local prism positions (five prisms across 
the same CI ring), again in terms of 1/max vertical 
settlement.

Reinforcing the discussion above, it can be seen 
that strain develops within the tunnel lining ahead 
of vertical settlement, indicating that the tunnel 
lining is influenced by the longitudinal component 
of ground movement rather than vertical compo-
nent attributed flexure. Conversely, Figure 10  (b) 
shows the data during the enlargement stage and 
indicated that the strain is likely to be attributed to 
flexure as the peaks (tensile and compressive) are 
aligned with the positions of maximum hogging 
and sagging curvature insofar as the ATS vertical 
settlement observation.

6 CSATTAR MONITORING

6.1 Photogrammetric monitoring

Photogrammetry refers to the practice of process-
ing imagery data in order to obtain geometric 
and physical information about the photographed 
environment/objects.

Photogrammetry can be classified into two cat-
egories: aerial and close-range image capturing. 
Both of these can have different applications in 
the infrastructure monitoring industry. This paper 
is concerned with close-range photogrammetry 
and in particular one of its many applications, 
namely the ‘Digital Image Correlation (DIC)’ 
technique which is used to extract deformation 
measurements.

In geotechnics, the use of photogrammetric 
techniques for displacement measurements is often 
associated with Particle Image Velocimetry (PIV), 
which is mainly practised within soil laboratories. 
Geotechnical PIV is often concerned with defor-
mation of soil on a 2D plane (behind the experi-
mental viewing window).

6.2 PIV/DIC and SIT

PIV techniques have traditionally been used in 
experimental laboratories to measure displace-
ment-related quantities. The introduction of digital 
image capturing has made it a standard practice 
in many laboratories (Bastiaans 2000). Modern 
PIV work in geotechnical research, where accura-
cies and errors are well-defined, was pioneered by 
White et al. (2001a,b).

The use of DIC, however, has not been limited 
to laboratory environments and has been applied for 
structural health monitoring of infrastructure assets.

The most common application of DIC has 
been ‘bridge monitoring’ and it has mostly been 

Figure  10. Normalised settlement and strain; DFOS 
strain against empirical prediction for pilot (top) and 
enlargement (bottom) stages.
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deployed over a short period of time and for 
applications that need high levels of frequency of 
images, such as vibration monitoring (Yoneyama 
& Kitagawa 2007, Waterfall et al. 2012, McCor-
mick & Lord 2010, Malesa et al. 2010). One of 
the few cases where cameras have been installed 
to monitor nearby construction effects on existing 
structures (long-term monitoring) is the monitor-
ing of a retaining wall affected by the Channel 
Tunnel Rail Link excavation in 2004 (Take et al. 
2006). The authors have adapted the geotechnical 
PIV process and they achieve comparable results 
with conventional monitoring systems such as 
total stations. Alhaddad et al. (2016) also shows a 
recent case study of DIC monitoring within a con-
struction environment.

Displacement monitoring outside laboratories 
is faced with challenges of practicality, such as 
having less control on where the cameras can be 
installed and where the positions of the surfaces 
are where monitoring is needed. The variation of 
light and the risk of losing the cameras are also 
examples of these. Additional measures must be 
taken to make the long-term monitoring process 
robust and reliable, especially where the environ-
ment is more susceptible to changes (mainly light-
ing but also deterioration of the monitored surface 
for example) and the cameras are subjected to dis-
turbances and movements. SIT has been designed 
to minimise these factors and/or quantify the 
errors that are associated with them.

The fundamental difference between PIV/DIC 
and SIT to measure asset deformation is in the 
practicality level. SIT is designed to be computa-
tionally robust so that it is less sensitive to envi-
ronmental influences on the texture of the surfaces 
that it is tracking, and it operates within a soft-
ware (Sattar) that has been especially designed for 
long-term monitoring purposes, while PIV/DIC is 
often implemented within controlled environments 
over a short period of time and usually with high- 
frequency measurements.

PIV and SIT share the same principles in terms 
of the tracking process and face similar problems 
when the accuracy of measurements is under 
question.

The main application of SIT is to measure rela-
tive movements such as deformation of tunnel lin-
ing as a result of convergence or the longitudinal 
curvature when movement of the camera would 
not introduce significant errors (‘Sattar’ measures 
these errors). Where camera is susceptible to move-
ment, such as this case study, settlement monitor-
ing will be limited unless the measured movements 
could be validated.

For this paper, SIT measurements have been 
validated against the conventional ‘automated 
total station’ (ATS) system which was installed in 

site (See Section 7.2) and the errors and the accura-
cies can, therefore, be assumed to be equal to the 
conventional system (± 2 mm), although the SIT is 
up to several times more accurate and enjoys sub 
0.1  mm precision for specific deformation meas-
urements (such as convergence which is not the 
topic of this paper).

7 SIT SETUP AND MEASUREMENTS

7.1 SIT set-up

Two cameras were installed; one at the right axis 
(Camera 00) and the other at the left axis (Camera 
01) pointing west and taking images every 20 min-
utes, from July 2013 up until mid-2015 (providing 
a year-and-a-half  of monitoring results).

Up to 6 targets were installed on each ring such 
that for every two adjacent rings there was a pair 
of targets neighbouring each other (Fig. 11).

This pair arrangement was aimed at measuring 
the shear movement between adjacent rings which 
is not the focus of this paper (see Alhaddad et al, 
2014). Figure 5 shows the location of the targets (tar-
get numbers go from 29 up to 91 for ring numbers 
2879 to 2941) and their proximity to the construc-
tion advances. These targets were paper stickers on 
aluminium plates and were glued to the lining and 
also used to trial another camera system (Imetrum’s 
video extensometry—see Alhaddad et al, 2014).

7.2 Validation of SIT against conventional ATS

Crown (Crwn), Right Axis (RiAx) and Left Axis 
(LeAx) conventional prisms at CH443 could be 
picked up by the SIT system (Fig. 12 a). This makes 
it possible to compare the two systems by plotting 
the measured movements against each other.

Although the prisms do not have an optimum 
shape for SIT monitoring, it is possible to track 

Figure 11. Monitored targets from Camera 00 (left) and 
Camera 01 (right) and close-up view of targets.
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them with a lower precision than it is for the espe-
cially designed targets. In this case, Camera 01 had 
a good view from RiAx and Crwn targets and it 
was possible to track their movements for both the 
pilot and enlargement stages. On the other hand, 
Crwn target’s view was blocked from Camera 00 
and the LeAx prism was also blocked during the 
enlargement stage. Figure 12 b to c show the SIT-
tracked settlement of the RiAx prism and the near-
est target against the ATS measured settlements 
(the black line) as an example.

It is evident at first that after a point in time the 
tracked targets start to deviate from ATS results. 
This is because the tunnelling face is moving 
towards the cameras and as they enter the ZOI, 
they start to settle and rotate, thereby causing the 
shifts. Given the absence of tiltmeters, only data 
from before the cameras started to get influenced 
is investigated (15-09-13 for pilot and 13-02-14 for 
enlargement).

Also noteworthy are the spikes that are visible in 
the SIT results. These are periodic and are caused 
when the surveyors turn off  the tunnel-light after 
entering the tunnel (up to twice per week). Also the 
quality of SIT target tracking is visibly higher than 
that measured by the ATS system.

It is evident that there is an identical match 
between the ATS and the SIT settlement results 
before the cameras start to move and it is pos-
sible to plot the settlement profiles of the tunnel 
for those periods as the excavation proceeds. The 
accuracy of settlement measurement can be taken 
to be equal to that of the ATS system (recorded to 
be ±2 mm).

8 TUNNEL MOVEMENT AGAINST 
EMPIRICAL MODELS

8.1 Observed deformation

The instrumented area is bordered between CH423 
and CH463. These two chainages and CH443 are 
monitored conventionally using the ATS system. 
CH443 is adjacent to SIT target-52 and their settle-
ment can be directly compared against each other.

SIT provides an intense number of monitoring 
points (up to every ring and for every 20 minutes) 
to plot the settlement profile and compare the 
results against the two empirical models that have 
been explained earlier (‘point sink’ with varying ‘K’ 
parameter with depth and ‘ribbon sink’ model).

Three settlement profiles have been selected 
and plotted in Figure  13 against the empirical 
models described in Section 4. It should be noted 
that although there is no evidence for longitudinal 
behaviour, transversely it has been observed that 
CI tunnels tend to follow the greenfield movements 
when the tunnelling crosses underneath (Standing 
& Selman 2001).

To illustrate the behaviour of the existing tun-
nel, as per the initial design assumption for damage 
assessment report (Crossrail 2011), a 1.25% volume 
loss has been applied to generate the discussed set-
tlement models (point sink and ribbon sink).

Figure 2 shows that the tunnel excavation was 
not uniform; the irregularity of the enlargement 
cross-section has been taken into account, by 
dividing the tunnel into 0.1  m sections at transi-

Figure 12. Validation of SIT data against conventional 
ATS measurements.
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tion areas (Fig. 2 d) and cumulating the settlement 
profiles that have been derived from Eq. 5 and 8 
(Fig. 13).

The base line of the measurements (and xi of  
the tunnel) have been selected to be at 01-09-2016 
(advance 99) and 20-01-2014 (advance 140) for 
pilot and enlargement stages respectively. These 
are few days before the tunnelling face enters the 
ZOI of the installed targets and before observing 
any movements.

The selection of the profiles is limited to these 
three, because these have been the only days that 
the tunnelling face has proceeded enough to be 
able to conclude a longitudinal profile before the 
cameras start to move.

It is noteworthy that the SIT data match the ATS 
prism data well. As expected, generally the crown 
targets settle less than the axes targets (due to elon-
gated shape of the tunnel and that also the closer to 
the tunnelling axes the more movement is predicted).

It is apparent that ahead of the tunnelling face, 
the RMT does settle in the form of a cumulative 
distribution profile (when considering a longitudinal 
section) for both pilot and enlargement tunnelling 
stages; however, this profile is observed to be more 
compact (shorter) than the design models predict (as 
shown in Fig. 13). The settlement above the face is 
observed to be approximately 30% of the total settle-
ment recorded, again for both the pilot and enlarge-
ment stages. It is implicitly assumed by the design 
models that this value is 50% (see Section 3.2).

This disparity could be due to the stiffness pro-
vided by the existing tunnel structure as its presence 
within the less stiff  ground reduce the effective dis-
placements; alternatively, the design model formu-
lae inaccurately predict displacement propagation 
at subsurface levels due to factors such as the com-
plex nature of heavily consolidated clay at deep 
sub-surface. It has also been observed that RMT 
has experienced larger settlement towards the west 
of the total excavation (Devriendt & Alhaddad 
2014) and this might be a contributing factor.

For the latter scenario, this means during design 
stages, the longitudinal settlement trough in Equa-
tions 5 and 8 should be modified to take account 
of this to calculate the possible deformation shape 
scenarios, especially at areas where nearby assets 
are sensitive to the shape of the imposed deforma-
tions (shape of deformation influences the imposed 
curvatures on the assets).

Interestingly, the structural behaviour of the 
tunnel lining observed by the DFOS differs mark-
edly between pilot and enlargement stages. Dur-
ing the pilot stage, the effects of strain are seen at 
a great distance from the tunnel face, indicating 
that the structural mechanism is not governed by 
flexure, or curvature derived straining. However, 
during the enlargement stage, the DFOS observa-
tion is much closer to the strain predicted from the 
design model, i.e. it may be inferred that the tunnel 
lining structure response is governed by flexure.

Further detailed studies, including centrifuge 
experiments are being undertaken at University of 
Cambridge to provide more insight into these lon-
gitudinal behaviour.

9 DISCUSSION AND CONCLUSION

This paper shows that the settlement rate, over the 
total settlement for the longitudinal (cumulative) 
ground movement propagation from new tunnel-
ling appears to be offset from that predicted using 

Figure 13. Observed SIT and ATS settlement ahead of 
the tunnelling face before the camera movement.
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commonly adopted design formulae, insofar as less 
than 50% of the settlements occur in line with the 
tunnelling face. Furthermore, the settlement trough 
appears to be more compact than what is usually 
predicted at the design stages for such sub-surface 
cases. This disparity could possibly be due to the 
varying stiffness of the existing cast iron tunnel lin-
ing and the engagement of the bolts and the flanges 
in resisting the longitudinal movements along the 
tunnel axis, albeit, the DFOS strain measurement 
data is indicative of the tunnel lining structural 
mechanisms being fundamentally different for the 
pilot and enlargement stages; the former indicating 
that straining of the tunnel lining is not attributed 
to flexure, as longitudinal strain is recorded in sec-
tions of the tunnel lining isolated from vertical set-
tlement and respective curvature. This research is 
the only case study to the knowledge of the authors 
that has monitored these longitudinal movements 
at the sub-surface with such comprehensive (close-
centred) monitoring points.

In terms of the photogrammetric monitoring, it 
has been shown that the implemented method is 
capable of measuring settlements comparable to or 
better than a more conventional ATS system. SIT 
provided an opportunity to provide intense number 
of monitoring points that help measure detailed 
settlement profiles of tunnel linings, improving 
understanding of their complex behaviour.
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