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ABSTRACT: The Heathrow Transfer Baggage System comprises a tunnel from Heathrow Terminal 1 to
Terminal 4 to automatically convey luggage between the two terminals' baggage halls. The 1.4km tunnel, 4.5m
in diameter, was driven beneath a runway, the Piccadilly Line and airport buildings to connect with pairs of
shafts at each end, which rise into the tenninals Junctions at each end were built using shotcrete for both the
primary and secondary linings. The route selection, design and construction of the tunnel are described in the
paper, together with the settlements measured. The start of construction of the first shotcrete (NATM) jtmction
was imminent when the Heathrow Express tunnels suffered a major collapse elsewhere in the airport in October
1994. As a result the Transfer Baggage System junction was delayed while a submission was made to the
Health and Safety Executive for their approval to proceed. In the paper some design issues are described,
together with the results of comprehensive ground monitoring carried out during and after construction.

1 INTRODUCTION
l.l The Scheme
The -Heathrow Transfer Baggage System is an
automatic baggage handling facility, linking the
existing baggage handling halls at Tenninals 1 and
4 via a tunnel. Bags are transported on small carts,
which run on a two-level railway system within the
tturnel, which also contains the necessary services
to enable the baggage system to frmction. This
facility will obviate the, need for transfer baggage to
be manually loaded on to carts, driven from one
terminal building to another via Heathrow's Cargo
Tunnel and manually unloaded at the other end. Up
to 2,500 bags/hour will be carried at speeds of
10m/sec between the terminal buildings.
Construction works have taken place entirely
Tairside' of customs control. This placed additional
demands on the project, not only with respect to
security clearance of personnel, but also controlled
and limited access to the work sites. The work sites
themselves are close to operational aircraft and are
therefore subject to additional specific restrictions.

1.2 Underground works
The underground works, approximately £13M in
value, were built between 1994 and March 1996,
and had the following key features:

0 A 4.5m diameter bored tunnel, 1.4km long, lined
with a 7-segment wedgeblock PC lining. The
tunnel is up to 25m deep, entirely within the
London Clay which underlies about 7m of water
bearing alluvial sands and gravels across the whole
srte.

0 Five 10.3m diameter shafts, 18-28m deep, two at
each of the two terminal buildings and one as a
working shaft at an intermediate point along the
route.
0 Two complex junctions were constructed, one at
each terminal, where the trmnel bifurcates to meet
with the two shafts at each end. These junctions
were formed using the New Austrian Trmnelling

Method. .

0 In addition to a nrunber of airport buildings along
the route, the turmel passed close to and below
several major airport facilities. These included
London Underground's Piccadilly Line railway and
several underground pipelines carrying aviation
fuel.
0 The horizontal alignment was chosen to avoid,
where feasible, passing beneath the structures
whilst endeavouring to keep the tunnel as short as
possible to minimise the operational cost of the
baggage system. Stuface sites required along the
route for construction access, electricity supply and
ventilation further constrained the alignment.
0 The vertical alignment was chosen to keep the
tunnel entirely within the London Clay for ease of
construction, but as shallow as possible at shaft
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2 GROUND CONDITIONS
A number of site- investigations had previously been
carried out at the airport, and the reports were
assimilated during the desk study stage to enable
careful planning of the site-specific ground
investigation. The stratigraphy shown by the
geological maps and confinned by previous
borings, was 3-7m of Taplow Terrace Gravel,
overlying London Clay. During development of the
airport, gravel extraction had taken place from pits
randomly located across the airport, and these pits
had been subsequently backfilled with various
materials. One such pit was known to coincide
with the location of one of the shafts for this
project, but did not prove -to be problematic. The
ground investigation was designed specifically to:
0 confirm the stratigraphy along the timnel route,
particularly the level of the gravel/clay interface
0 determine the strength, stiffness and permeability
characteristics of the clay, these data not having
been measured to modem standards in the previous
investigations
0 to take continuous` rotary core samples of the
London Clay for examination by tendering
contractors, and
9 confirm the groundwater regime in the gravel.
The gravel was generally mediiun dense to
dense, with a permeability (determined from falling
head tests) between l0'3 and 10*5m/sec.

The standing groundwater level was about 2.5m
below ground level.
The London Clay, unweathered for most of
its depth, was generally stiff to very stiff, closely
fissured, grey silty clay. The fissures were curvi
planar to planar, smooth and closed. Standard
classification tests, Lmconsolidated, undrained
triaxial compression tests and SPTs were carried
out as usual, plus shear box and triaxial tests to
determine effective stress strength parameters as
well as triaxial and pressuremeter tests to obtain soil
stiffnesses. Also, self boring pressuremeter tests
were used to estimate the. in-situ horizontal stress as
well as horizontal stiffness and undrained shear
strength. A stunmary of the parameters used at
scheme design stage are given in the table below.
Table of London Clay parameters used at
Scheme Design Stage

Parameter Value

n.mc 25-30%
PL 26 :|= 3%

LL 71 at 5%

PI 37 - 50%

cu
+ 6.4z*
c' 60
0 kPa

¢l
250
G 30il2l\/IN/m2

Kb l0`7 to 7xl0`9m/s

K, l0'9 to 5xl0'"m/s
*z = depth below l19mTD3
270

From these results it was concluded that the London
Clay was very similar to that found across most of
the Central London (in which a great deal of
tunnelling has been carried out), although at
Heathrow the clay was a little stronger and stiffer.

3 " SCHEME DESIGN
The Project Scheme Design, of course, ration-alised
the tunnel design along with all the other
components of the system to meet the overall
project brief Design co+ordination across the
disciplines at that time was of _paramotmt import
ance, to ensure an holistic design of the baggage
handling system, ttmnels and associated civil
engineering works, and the services. The process
resulted in the alignment and location of the works
shown on Figure l, the final precise locations being
determined at detailed design stage.

3.1 Ground Movements
At scheme design stage, simple. estimates of the
settlements and horizontal strains in the groimd
around the tunnel were made using the OASYS
program TUNSET which assiunes a simple
Gaussian shape of the settlement trough and a
trough width calculated after O’Reilly & New (Ref
1). Effects on structures and buried services were
estimated asstuning a 2% face loss - a figure
considered to be conservative for machine-bored
‘tunnels in London Clay, and conservative for
NATM according to the Heathrow Express trial
tunnel which had recently been completed at that
time.
` Ground movements due to the construction of
the shafts were estimated using finite element
techniques, the results being added to the
tunnelling movements to give overall effects.
An initial condition survey was carried out of
all the structures along the route, including under
ground features, as a starting point from which any
damage due to tunnelling could be evaluated. Four
buildings along the route were within the zone of
influence of the tunnel and these were all framed
buildings and as such were relatively flexible. They
were expected to be able to withstand the `2%'
ground movements without serious damage
although a contingency allowance was made for
repairs. The LUL Piccadilly Line tlmnels were
stuveyed ring-by-ring for the entire zone of
influence and some distance either side, and
analyses carried out to demonstrate to LUL‘s
engineers that induced distortions of their two
ttmnels would be within tolerable limits.
The contract for the civil engineering works
(basically the tunnels and shafts) was tendered and
let using a Performance Specification, with the

contractor choosing the method of construction,
canying out the detailed design of the ttmnel linings
and final alignment, and meeting performance
requirements on measured grotuid movements and
movements of other structures. The movement
criteria were based on a face loss of l.5%,
considered to be readily achievable by a competent
contractor in these ground conditions. The
Performance Specification for the ttmnels and
shafts covered the following key itemsz'
Q The division of design responsibility between the
employer and the contractor.
0 The maximum pennissible movements and
damage criteria for each of the structures.
0 The employer‘s requirements for the execution
and presentation ofthe contractor's design.
0 The watertightness requirement for the works.
0 Construction tolerances.
0 The employer‘s monitoring requirements.

4 SHAFTS \.
4. l Construction Method
As four of the_six shafts on the project were located
within metres of existing structures at Terminal 1
and Terminal 4, settlement prevention was of
paramount importance.
The upper water bearing gravels were penetrated
with a jacked segmental caisson, and pumped
bentonite injection directly above the steel cutting
edge. Once safely into unweathered London Clay,
the segmental shaft was grouted and the cutting
edge removed. Shaft sinking continued using
permanent, steel fibre reinforced, wet sprayed
concrete methods down to fonnation. Ex-cavation
was at night and the 300mm thick lining was
sprayed on days. Daily advance was limited to
1.2m on safety grounds and to limit movement.
Thickened portal rings were incorporated as part of
the shaft lining, thereby obviating the need for
temporary works during breakout.

4.2 Analysis
In order to examine load development in the
London Clay in the short term (ie within the first 28
days), published empirical instrumentation data
(Refs 2 to 5, mainly for ttmnels rather than shafts),
including data from the Heathrow Express Trial
Ttmnel, was reviewed. For design, the following
relationship was developed:

y =f 7+22ln(x) (1)
Where y is Earth Pressure expressed as percentage
of total overburden and x is the time in days from
installation of support. This gives 7%, 80% and

100% overburden at 1, 28 and 70 days resp.
Thus rapid load development in the first month is
modelled, with fulloverburden acting after only 70
days. Little data is_available on the actual
behaviour of wet sprayed concrete linings in Lon
don Clay, but it was considered that this repre
sented a credible upper bound in the short term, but
was unlikely to realistically model longer term
behaviour (see 5.2). Accordingly, for the long term
loading condition, lateral earth pressures equivalent
to full overburden were adopted.
Uneven loading was modelled- using the Curtis
Formula, ref 6, (with full Shear interaction): soil
defomation parameters used in the Curtis Formula
were conservatively taken as Undrained with full
water pressure in the short term and Fully Drained
with full water pressure in the long term.

4.3 Design
All shaft linings were designed in accordance with
BS 81 10: 1985 "Structural use of Concrete", ass
Luning behaviour similar to that of a short braced
column. A non-accelerated wet sprayed concrete
with Micro-silica was used to achieve a
characteristic cube 'strength of 40N/mmz. To match
the development of earth pressures, the concrete
was designed to achieve 9, 18 and 40N/mm’ at 1, 3
and 28 days respectively.

4.4 Settlement
Surface settlement monitoring performed using
precise levelling techniques showed that shaft
construction resulted in vertical surface movements
not exceeding 10mm, which was similar to that
predicted from an axi-symmetric finite element
analyses.

5 MA1r~ITUNNEL
5. 1 Construction
In order to meet the technical specification (see 3.1
above) and the programme targets (a long average
rate of 100m per week was required) at the lowest
cost, the tlmnel was constructed using an expanded
precast concrete lining, with excavation and ring
building being performed by a shielded Dosco
roadheader. Spoil removal and ring delivery was
by self-powered shuttlecar.
The programme target construction rate was
achieved with 16m being the best achieved in a
single 10 hour shift.

5.2 Ring Design
The rings for the main drive comprised seven plates
plus key, were lm long, 150mm thick, with convex,"
radial joints and were reinforced with 30 kg/m3'of
Dramix ZC 60/0.80 steel fibre. Believed to be the
first commercial use of steel fibres in tunnel
segments in the UK, the rings proved to be more
competitive than segments built using trad-itional
reinforcement cages. By minimising the number of
segments in the ring and maximising 'ring length,
the erection time in the production cycle was
reduced. Large plates, however, attract higher
stresses during handling and erection, and the fibre
reinforced plates proved to be extremely resilient to
damage, even though the segments were only
150mm thick and C50 concrete.
The segments underwent full scale load testing
at the Building Research Establishment's Heavy'
Structures Laboratory at Watford. The results
showed that fibres greatly improved the load
capacity ofthe radial joints, both up to first crack
and to failure. Expressed as a percentage
improvement on the capacity of an unreinforced
joint, average results were:

Load 30 kg/m2 50 kg/m2

Fibre Fibre
First Crack 32% 46%

| Ultimate I 45% | 57% |
Long term ring design used full overburden loading
(inc surcharge allowance) and assumed Ko = 1.0.
Use of Ko values in excess of 1 was not considered
realistic, since Ko only represents a stress state at
zero horizontal strain in undisturbed ground, and
during normal tunnelling sufficient horizontal
strain occurs to reduce Ko. Further justification
was the fact that tunnels in London Clay always
squat - ie increase their horizontal dimension and
decrease in the vertical. Published data on
previously instrurnented turmels (refs 2 to 5) also
support the case for Ko of unity representing a
credible upper bound.
For design of the joints, an ovalisation of 0.6%
extemal tunnel diameter was used; this proved to be
conservative, with actual ovalisation of 0.3% being
achieved during construction.

5.3 Settlement
Settlement control was fundamental to the success
of the project and was monitored at regular
intervals along the turmel route.
Surface measurements taken on points located on

and below the concrete apron were performed at
night when aircraft movements had ceased, and
involved the precise levelling of surface and _
subsurface points, together with surveying borehole
inclinometer and extensometer instrtunents.
Using an expanded lining and a short (Sm long)
shield with only 6mm overcut beading, the ground
was effectively supported within hours of being cut,
thus limiting face loss and surface settlements.
Actual settlement data showed good correlation
with predicted values, with a maximtun settlement
of 16mm when driving on a 300m radius curve and
an average less than 10mm being recorded when
driving on the straight. As movement criteria were
based on 1.5% face loss, settlements were well

subsequent Health and Safety Executive
investigation into the NATM. Follow-ing detaile_d
submissions to the HSE, methods and designs were
given a clean bill of health and work at Terminal 4
commenced in February 1995, and work at
Terminal 1 in August 1995.

6.2 CombiShell Method of Tunnelling
The novel tunnelling system utilised sprayed con
crete for both the primary and secondary linings
acting as a permanent composite structure. A
patent was applied for by Miller and Beton und
Monierbau, and the trademark of CombiShellTM
(combined shell) was registered in the UK.
Using high quality, wet sprayed concrete, the
method enabled a significant proportion of the
primary lining to be considered as part of the long
term permanent structure, thereby substantially
reducing the combined thickness of the temporary
and permanent lining.

within limits. ,’

6 NATM .TUNCTIONS
6.1 Scope
At each end of the main rtmning tunnel
enlargements were required, with cross passage
connections to the shafts. The minimum internal
envelopefor these chambers (see section 1.2 and
Figure 1) was determined by the requirements of
the mechanical baggage handling system. _
With the great flexibility offered by NATM,
chamber geometries at Terminal l and Terminal 4
were developed which neatly enveloped the
complex paths of the baggage handling system and
access ways, whilst minimising overall excavation
volumes. General arrangements of each chamber
are shown on Figures 2 and 3.
Located directly below operational aircraft
stands, settlement considerations and safety of
construction were again of paramount importance.
Due to start in October 1994, the works at Terminal
4 were delayed for several months by the collapse
of the Heathrow Express NATM tunnels and the
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Figure 3 Term1nal4 Chamber
Following completion of the primary lining, the
inner surface was cleaned and a thinner secondary
layer applied and finished by hand to give a smooth
finish. For the complex geometries required, where
a traditional cast-in-place lining would havefbeen
expensive and time consuming, this method offered
significant economies.
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6_3 Construction at Terminal 4

gl gl 5.1m Dia

This chamber was built as an enlargement to the
main tunnel, and included a 45 degree skew
junction with a short connecting tunnel. All works
were constructed in the London Clay, with a
minimum cover of 6m to the overlying gravel.
The junction was serviced through the main
ttmnel, via the working shaft, some 250m away.
Construction was undertaken as a heading, bench
and invert operation, with ring closure within l
diameter of the face. Primary construction of the
complex elliptical portal required to form the skew
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Figure 2 Tenninal l Chamber
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junction, was tmdertaken as work proceeded. An
intermediate stage of construction was required for
the placement of tension reinforcement above and
below the opening into preformed pockets.
The setting out of the profile and sequencing of
the works on the junction was carried out under the
direct supervision of the NATM engineers at the
face. *Assessment of the structural performance of
thesprayed concrete lining was based on
observation of the ground, concrete tests and on
monitored data. The monitoring regime included
observations of in-tunnel settlement and
convergence, 'surface and sub-surface levelling,
together with borehole inclinometers and
extensometers to monitor movements at the tunnel

horizon. '

Great emphasis was placed on the quality of the
construction and site management team, as high
standards of workmanship were required if overall
design targets were to be met.

The solution adopted and demonstrated by
calculation, was to use benns to support the face
and revising the advance sequence so that the length
of tunnel between the crown face and the closed
invert increased (see figure 4 and 5).
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6.4 Construction at Terminal l
Significantly larger than' the works- at Terminal 4,
this chamber was formed entirely within the
London Clay using a combination of crown, bench
and invert advance and side wall drift method for
the larger diameters with side entry portals for the
inclined adit tunnels. As with Terminal 4, the
works were serviced through the main ttmnel, with
access this time being via a shaft, some 500m

away. k

- The works were located beneath operational
aircraft stands, close to the terminal buildings and
subsurface aviation fuel lines, making the
consideration of ground movements of utmost
importance. A specially developed three
dimensional optical system enabled in-tunnel
convergence and settlement readings to be recorded
quickly andgaccurately. Simple graphical plots,
correlating movement trends with ttmnel progress
were then produced, enabling the NATM engineer
to quickly assess deformation trends and provide
early warning of potential problems. The optical
survey together with a multiple laser system was
also used to control alignment of the works.
Speed of invert closure is a key factor in limiting
settlement. Accordingly, initial designs for the
works at Terminal l were produced which enabled
ring closure to occur within 1 diameter of the face.
This approach, however, had the drawback that
comparatively large vertical faces (up to 3m high)
were effectively left unsupported for a period of
time. Whilst the clay exhibited excellent stand-up
qualities, slickensided discontinuities were known
to exist and if encountered could potentially lead to _
instability. Wedge failure of a standing face, where
negative pore water pressures dissipate with time
was also considered.
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6.5 Analysis and Design
6.5.1 Loading Criteria'
For the analysis of the primary lining using Beam
Element and Continuum Model methods, full
overburden loads were used. For design of the side
wall drift, where maximum load duration was 4
weeks, 60% of full overburden was used. In Finite
Element Analyses, initial stress conditions
equivalent to full overburden pressure were used.
Lateral stresses were calculated using Ko = 1.0.

6.5.2 Ground Conditions used for Design
ln addition to the London Clay parameters
established at scheme design stage (Section 2) the
following were used for detailed design:
Water pressure - Hydrostatic from g l
Bulk Density y= 20 kN/m3
Mean Strength Cu = 75 + 9Z kN/m2
Undrained Stiffness Eu = 300 Cu
Ko = 0.7 to 1.0
C'=1o:<1>a

Ev'=0.75 Eu
<|>'=25°
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In the FE calculations for the side wall drift,
partially drained conditions were modelled by
considering the degree of consolidation in the soil
around the lining after a period of four weeks.
Drainage around the ttmnel was considered to be a
function of time, distance and the penneability of
the tunnel lining. In designing the primary lining
the ttmnel was considered to act as a perfect drain.
The three dimensional behaviour near the tun-nel
face was modelled using the stiffness reduction
method. The stress relief before excavation was
calculated using the stiffness reduction factor in the
area which was excavated within the next step.
For analysis of the long term case, three
conditions were considered:
9 Fully Drained Soil Properties with no hydro
static water load (tunnel acts as a perfect drain).
0 _Fully Undrained with hydrostatic water load
(tunnel linin g impermeable).
0 Fully Drained with hydrostatic water load.

6.6 CombiShell Perfonnance
All works were complete at the 'end of January
1996.

The results of the extensive in turmel deform
ation and surface settlement monitoring show:
0 Tunnel lining convergence and roof settlement
values were significantly smaller than would have
been expected based on data from the Heathrow
Trial Trmnel, with typical movements (depending
upon closure time) not exceeding 1Omrn. _
I The roof settlement at closure of the ring shows a
linear relationship with the face area and the closure
time (see Figures 6 and 7), approximating to :

5_£

where _
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6 = roof_settlement (mm)

A = face area (mz) `
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Figure 7 Normalised Settlement Vs Closure Time'

0 Maximtun surface settlement was 20mm. This
equates to an effective face loss percentage of
approximately 0.5%.

7. CONCLUSIONS
0 The successful completion of both segmental and
sprayed concrete tturnels in_ the London Clay at
Heathrow has demonstrated that ground movements
can be controlled to within tight limits by careful
design and construction.
0 Steel fibres have been successfully used in
precast segments and sprayed concrete shaft linings
and offer cost and performance advantages.
0 The 4.5m diameter wedgeblock ttmnel was
driven with an average face loss of 0.75 %, and a
maximum of l%, as back-figured from surface
settlement readings.
0 The two NATM chambers were constructed with
high quality materials and supervision, to provide a

9

permanent sprayed concrete lining. Plotting the
roof settlement (normalised for the face area)
against time for closure of the ring shows a
reasonable correlation and demonstrates that
closing the ring is key to controlling ground movements

T = closure time (days)
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