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Crossrail - the Application of Advanced Engineering and 

Science to Grow London's Transport Network 
 

1. Introduction 
 

Crossrail is a rail network which goes under London and aims both to improve journey times and to link 

East and West London by creating an extra 42 kilometres of twin-bore tunnels, 21 kilometres of which 

will be under central London. It is currently the largest civil engineering project in Europe
1
, has over 

10,000 people working on it and will have cost £16 billion
2
 by the time it opens to the public in 2018

3
. 

While there have been plans to connect East to West London since the 1880s, it was first officially 

proposed in 1974 by the Department for Environment and the Greater London Council
4
. Currently over 1 

billion tube journeys are undertaken each year and as an extra million people are expected to use London's 

public transport in the next 10 to 15 years, the various stations and train lines will soon be reaching their 

maximum capacity
5
. Crossrail is expected to be used by 200 million people each year and to provide a 

10% increase to London's rail capacity
6
. 

 

This essay sets out the principal scientific and engineering problems the engineers faced while planning 

the route and constructing the tunnels and discusses how they creatively solved them using advanced 

engineering and science. 
 

2. Planning the route 
 

Determining the optimum route and depth of a tunnel through an environment such as the City of London 

is an extremely complex task. Engineers are looking to minimise the cost and timetable for construction 

while taking into account underground obstacles and hazards; minimising damage to archaeological sites 

and historic buildings; taking advantage of the most consistent and easy to tunnel sub-soil conditions; 

satisfying UK safety authorities
7
 and of course linking up with existing infrastructure so as to create a 

coherent travel network. Whilst finding a workable solution was easier for the sections of tunnel on either 

side of London where there were generally several alternatives should the tunnel not be able to go a 

certain way, within the city, options are much more limited.  
 

a) Adjusting route to benefit from optimum subsoil conditions 
 

According to the Civil Engineer's Reference Book, "the ground is the principal determinant of the cost of a 

tunnel of a given size"
8
 and construction costs can vary by an order of magnitude depending on both the 

consistency and the type of ground through which a tunnel is bored. In the case of Crossrail soil conditions 

vary significantly by location. While impermeable London clay predominates, there are areas in South 

East London and under the river Thames where the ground is made entirely of chalk, which creates the 

highest chance of flooding throughout of the whole project
9
. At this stage engineers could have decided to 

use just one type of Tunnel Boring Machine (TBM) to simplify the logistics. However, they decided to use 

two different types of specifically developed TBMs to maximise the efficiency and to decrease the time 

taken during the construction phase -  an Earth Pressure Balanced Tunnel Boring Machine (EPB TBM) 

would be used whilst boring through clay and that a Mixed Shield TBM would be used whilst boring 

through chalk and sand
10

. The optimum location and depth of the tunnel from the perspective of ground 

conditions was determined through a detailed investigation of soil samples collected using boring rigs. 
 

                                                           
1 The Universe of Engineering Annex 2 (visited on 11.01.15)  
2 http://news.bbc.co.uk/1/hi/england/london/8529717.stm (visited on 08.02.15) 
3 http://www.crossrail.co.uk/about-us/freedom-information/crossrail-publication-scheme (visited on 11.01.15) 
4 http://www.crossrail.co.uk/route/crossrail-from-its-early-beginnings (visited on 11.01.15) 
5 The £15Bn Railway Episode 1: Urban Heart Surgery BBC 2014. https://www.youtube.com/watch?v=ITcQMiJkppM (visited on 13.01.15) 
6 http://www.crossrail.co.uk/route/ (visited on 11.01.15) 
7 Bayley, S. (2008) Work: The Building of the Channel Tunnel Rail Link, Merrell Publ Ltd, 81 Southwark Street, SE1 OHX, pg 95 
8 Blake, L.S. (1989) Civil Engineer's Reference Book, Butterworth-Heinemann Ltd, Linacre House, Jordan Hill, Oxford, pg.32,33 
9 The £15Bn Railway Episode 2: Tunnels Under the Thames BBC. https://www.youtube.com/watch?v=HewC4OpY8b8 (visited on 14.01.15) 
10 http://www.crossrail.co.uk/construction/tunnelling/meet-our-giant-tunnelling-machines/ (visited on 18.01.15) 
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Figure 1 - Shows Crossrail's path from the East of London to the West of London11 

b) Avoiding underground obstacles such as rivers, tunnels and buildings 
 

Identifying underground obstacles initially involved a series of desk exercises. Firstly, Thames Water was 

asked to identify known bore holes, water pipes and sewers. Locating the various rivers flowing under 

London required the analysis of "topographical maps (Ordnance Survey maps), soil survey maps, aerial 

photographs, mining records, groundwater information and existing site reports"
12

. Obviously boring 

through a river or sewer would potentially block it and could lead to widespread flooding. Similarly UK 

Power Networks searched their records for the location of underground power cables. This method of 

contacting the various utility companies was chosen to minimise time taken instead of trawling through 

many old maps of London. 
 

A further risk to tunnellers comes from unexploded bombs dating back to World War II. Bombs which did 

not explode on impact could sink many metres into soft ground and potentially detonate if disturbed 

during construction. Possible locations of unexploded bombs were researched from war reports and 

personal accounts which were found at local archives and libraries. 
 

c) Minimising damage to archaeological sites 
 

For timetabling and budgeting purposes, it was important for Crossrail to avoid as many archaeological 

sites as possible as a discovery would lead to significant delays while archaeologists from the Museum of 

London catalogued and investigated finds
13

. Here again, researchers were dispatched to search through the 

archives to find references to the most likely locations of archaeological sites. Where a high probability 

was identified, an extra 22 weeks were built into the project schedules
14

. By the end of the construction 

phase, three main sites of archaeological importance had been discovered: over 3,000 skeletons believed 

to have been patients at St. Bethlehem's hospital were found at Liverpool Street Station
15

; Roman skulls 

and pottery were found in several grout shafts around central London; and 25 skeletons, believed to  have 

been victims of the Black Death, were found whilst building Farringdon Station
16

. 

 
 

 
Figure 2 - Archaeologists excavating a 14th century burial pit in one of the 22 grout shafts around London17 

 

 

 

 

                                                           
11

http://www.crossrail.co.uk/route/maps/ (visited on 03.02.2015) 
12 Smith, G.N., Smith, I. (1998) Elements of Soil Mechanics, Blackwell Science Ltd, 25 John Street, London WC1N 2BL, pg 459 
13 The £15Bn Railway Episode 3: Platforms and Plague Pits BBC 2014. https://www.youtube.com/watch?v=DlziPDJXQbQ (visited on 15.01.15) 
14 The £15Bn Railway Episode 3: Platforms and Plague Pits BBC 2014. https://www.youtube.com/watch?v=DlziPDJXQbQ (visited on 15.01.15) 
15 Metro Newspaper, Monday 9th February 2015, pg. 11 
16 The £15Bn Railway Episode 3: Platforms and Plague Pits BBC 2014. https://www.youtube.com/watch?v=DlziPDJXQbQ (visited on 15.01.15) 
17http://www.crossrail.co.uk/sustainability/archaeology/archaeology-exhibition-portals-to-the-past-february-2014/crisis-and-the-black-death 

(visited on 08.02.15) 

http://74f85f59f39b887b696f-ab656259048fb93837ecc0ecbcf0c557.r23.cf3.rackcdn.com/assets/library/image/6/original/68216_farringon_charterhouse_square_archaeology_march_2013.jpg
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d) Minimising damage to existing buildings 
 

London has a large number of historic buildings, many built on shallow foundations. Consequently, 

tunnelling risks ground settlement both by removing material and by reducing hydrostatic pressure. Here 

engineers had the option of either boring deeper to increase the distance for the vibrations to travel to the 

foundations or of following the route of the roads again to distance the TBM from the foundations. 

Following the roads above was deemed a better solution as boring deeper would not reduce the effects on 

the foundations by much and would require a lot more energy to combat the increased pressure of both 

water and earth. It is for this reason that the tunnel will directly follow a large section of Oxford Street
18

. 
 

e) Creating a coherent travel network 
 

The final route design had to ensure sufficient new capacity and link with the existing infrastructure to 

permit efficient passenger journeys. Optimising tunnel capacity included managing maximum tunnel 

bending (which reduces train speeds), station design (including train length and passenger flow) and 

specifying modern automated signalling systems to increase the number of trains per length of tunnel.  
 

The final problem engineers faced during the planning and design stage was to make the new stations 

suitable for the expected number of visitors. In total, 200 million passengers are expected to use Crossrail 

each year, so 10 new stations have been built in central London, of which Canary Wharf will be the largest 

at 250 metres. Canary Wharf is expected to receive 32,000 people at peak times and it will be linked 

directly to Farringdon (in the square mile).  

  

3. Choosing the construction methodology 
 

Although the route had been planned to minimise construction complexity, project length and cost, many 

engineering and scientific challenges remained to be solved in the construction phase. Some of the most 

intractable challenges included: how to gain access to a construction site 36m underground, how to tunnel 

quickly and safely through widely changing ground conditions, how to minimise ground shrinkage and 

how to position the tunnels within millimetre tolerances. 
 

a) Gaining access to the tunnel sites 
 

The simplest way to reach the correct tunnelling depth would be to set off all the machines at ground level 

to dig themselves down at an angle, eventually ending up at tunnel level. However in London there is 

insufficient space for this approach which would cause significant surface disruption and also extend the 

project timescale. Consequently engineers decided instead to create tunnel portals by sinking vertical 

shafts down into the ground until the depth of the tunnel, at approximately 35 metres, is reached. These 

tunnel portals allow access for the TBMs by carefully lowering them down with two cranes before they 

commence tunnelling. Tunnel portals were constructed at Royal Oak, Pudding Mill Lane, Victoria Dock, 

North Woolwich and Plumstead
19

. 
 

b) Tunnelling through widely different ground conditions - namely clay, sand and chalk 
 

Ground conditions under London vary widely with areas of impermeable London clay sometimes mixed 

with sand and areas of permeable and water saturated chalk. These two very different ground conditions 

required two different types of specifically developed TBMs - an Earth Pressure Balanced Tunnel Boring 

Machine (EPB TBM) for boring through clay and a Mixed Shield TBM for boring through chalk and 

sand
20

. 

 
Figure 3 - The Mixed Shield TBM on the left is used to bore through chalk and the Earth Pressure Balanced TBM on the 

right is used to bore through clay 

                                                           
18 The £15Bn Railway Episode 1: Urban Heart Surgery BBC 2014.  https://www.youtube.com/watch?v=ITcQMiJkppM (visited 13.01.15) 
19 http://www.crossrail.co.uk/construction/tunnelling/ (visited on 08.02.15) 
20 http://www.crossrail.co.uk/construction/tunnelling/meet-our-giant-tunnelling-machines/ (visited on 18.01.15) 
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The EPB TBM is designed to drill through clay. A key material feature of the clay is that it is 

impermeable to water and should therefore protect the boring machine from high pressure groundwater. 

Consequently the protective shield of the tunnelling machine is designed to only hold back the pressure of 

the surrounding earth. This "tunnel shield"
21

 is based on the invention of Marc Isambard Brunel, who built 

the first successful tunnel under a river, the Thames Tunnel, with his son Isambard Kingdom Brunel. This 

machine uses disc cutters and tungsten carbide cutting heads to scrape through both flints and clay (which 

is harder to bore through than chalk and sand) and excavated material is removed by conveyor belt. 
 

 
Figure 4 - A computer model of an Earth Pressure Balanced TBM. The rotating head is followed by two 'trailers': the 

concrete ring laying 'trailer' and the 'trailer' which houses the mechanical and electrical equipment.22 

In contrast, the Mixed Shield TBM is designed to drill through highly permeable chalk and sand
23

. To 

prevent the machine being flooded by high pressure ground water, a waterproof  barrier is created in the 

soil ahead of and around the boring machine by pumping a combination of Bentonite (a mixture of clay 

and water) together with material excavated from the tunnel into the surrounding ground under high 

pressure. As a further protection the boring machine is entirely enclosed to protect the workforce. Due to 

the permeability of chalk and sand, the Mixed Shield TBM is designed to resist the combined pressure 

both of the surrounding soil and the pressure of ground water up to a maximum pressure of seven bar. As 

the machine often operates under high pressure care must be taken to depressurise the machine on exit. 

Unlike the EPB TBM, the Mixed Shield TBM does not use a conveyor belt but pumps surplus excavated 

material out to the surface in a semi liquid form. Cutting is performed by disc cutters acting on the 

Bentonite mix so as to scrape away the chalk and sand. 
 

In both cases the boring machines are propelled forward by hydraulic rams acting against the lining of the 

tunnel. 'Trailers' behind the cutting section house systems for laying concrete rings and for protecting the 

machines electrical and mechanical systems.  Crossrail ordered a total of 8 TBMs - 6 Earth Pressure 

Balanced and two Mixed Shield TBMs. Each TBM cost 11million, weighed 900 tonnes, had a diameter of 

7.1 metres, and was imported from Germany
24

. 
 

c) Minimising tunnel settlement and avoiding damage to nearby structures 
 

While constructing any tunnel through soft ground will inevitably result is some ground shrinkage above 

and around the route of the tunnel, this must be reduced to acceptable levels to avoid damage to often 

fragile historic buildings and the subsequent repair and legal costs. The engineers on Crossrail managed 

this problem through their selection of tunnel lining, by injecting grout into unstable ground and by 

keeping as far away as possible from buildings with weak foundations.    
 

In selecting the tunnel lining engineers had the option of either the 'Austrian Technique', which involves 

spraying concrete onto freshly dug tunnel walls, or of using pre-cast concrete or iron segments. Engineers 

were keen to avoid the disaster of the Heathrow Express Rail Link
25

 tunnel which was constructed in the 

'Austrian' fashion and subsequently collapsed taking the car park situated above down with it.  

                                                           
21 Bayley, S. (2008) Work: The Building of the Channel Tunnel Rail Link, Merrell Publishers Ltd, 81 Southwark Street, SE1 OHX, pg 91,112 
22 http://www.crossrail.co.uk/construction/tunnelling/meet-our-giant-tunnelling-machines/ (visited on 18.01.15) 
23 Bayley, S. (2008) Work: The Building of the Channel Tunnel Rail Link, Merrell Publishers Ltd, 81 Southwark Street, SE1 OHX, pg 112 
24 The £15Bn Railway Episode 2: Tunnels Under the Thames BBC 2014. https://www.youtube.com/watch?v=HewC4OpY8b8 (visited on 
14.01.15) 
25 http://news.bbc.co.uk/1/hi/business/280107.stm (visited on 08.02.15) 
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Cast iron rings, as used in much of the deep underground (e.g. the Northern Line
26

) were rejected on the 

grounds of cost, although they can deliver superior water tightness and support heavier loads. Therefore 7 

pre-cast concrete segments including a key stone were used to create rings which are able to support both 

the weight of the trains and the 900 tonne TBM. To ensure that the ground load is equally spread around 

each ring, Bentonite was injected to fill any voids between the lining and the surrounding earth. These 

concrete rings were built in a conical form
27

 to allow for bends in the tunnel. Both TBMs were designed to 

aid in the laying of these concrete segments, by lifting them into place using vacuum lifters. The TBMs 

were able to build up to 18 rings per day (or 27 metres) under perfect conditions. 
 

To monitor for and manage damage, lasers, targets and robot trackers were attached to the walls of 

important buildings over the proposed route of the tunnel so that any settlement during construction could 

be monitored. Lasers and robot trackers are far more accurate than using a tape measure or waiting for 

cracks to appear as they exploit the physical phenomena of light interference fringes to measure tiny 

movements. Furthermore to reduce the effects of large vibrations created by turning the engine on and off, 

the TBMs were run 24 hours a day. Although the route was designed wherever possible to follow major 

roads and avoid going directly under buildings, engineers had a backup plan should structures show signs 

of subsidence: namely grout shafts. Grout shafts are vertical shafts from which grout can be injected into 

the surrounding ground up to a distance of 90m.  If an area is known to be subsiding or 'settling', a 

'packer'
28

 is sent through one of the holes to the ground directly beneath the affected building where it is 

able to inject grout precisely. This fills up the voids, lifts the earth back up to its original position, and 

stabilises it. For example, this was done to protect St. Barnabas House in Soho which is known for its rare 

plasterwork. In all 22 grout shafts were constructed. 
 

d) Managing water ingress 
 

The next major decision facing the engineers building Crossrail was how to make the tunnels watertight 

given that they lie under the water table and that live wires would be running through them. Here again, 

the pre-cast concrete rings were preferable over the sprayed concrete due to their thickness and the fact 

that they could be bolted together and surrounded with a rubber seal to keep the water out. A foam band 

which expands on contact with water was also used to prevent water from entering
29

. However, as no 

tunnel can ever be made one hundred percent watertight, the tunnels were fitted with drains, sump pumps 

and water level monitoring alarms. Another issue with the water entering the tunnel was the 2.5 bars of 

pressure it exerted on the tunnel walls, increasing the amount that got through. To reduce this pressure, 

holes were drilled through the sides of the walls and grout pumped through to create a waterproof barrier 

around the tunnel and reduce water entry. 
 

Canary Wharf Station posed particular problems during construction as two of its levels are underwater. 

Consequently, the whole station had to be constructed whilst being enclosed by Cofferdams.  
 

e) Providing construction materials and removing waste 
 

To support tunnelling operations power, water, air and cement blocks needed to be supplied  to the TBM, 

and excavated soil removed. Although they needed extending every 6 metres the TBM advanced, large 

cables and pipes were the only option for transporting large amounts of electricity, water and air to the 

TBM head. The cement blocks  were shuttled forwards and backwards by "flat bed rail cars"
30

 as blocks of 

concrete would be too heavy for a conveyor belt to transport.  
 

Depending on the TBM type the soil was transported to the surface on a 4 kilometre long conveyor belt or 

pumped out as a slurry. The waste material was transported to a plant on the surface where the larger rocks 

were first separated,  water was pressed out and recycled, and the 'cakes' of squashed waste used to 

nourish a conservation area in Wallasea Island in Essex
31

. Between 40 and 50 tonnes of 'cakes' were 

produced each hour and by the end of the project, 6 million tonnes of earth will have been removed. 
 

 

 

 

                                                           
26 http://www.networkrail.co.uk/news/2013/mar/Engineers-repairing-Northern-City-Line-tunnel/ (visited on 08.02.15) 
27 http://www.crossrail.co.uk/construction/tunnelling/meet-our-giant-tunnelling-machines/ (visited on 18.01.15) 
28 The £15Bn Railway Episode 1: Urban Heart Surgery BBC 2014. https://www.youtube.com/watch?v=ITcQMiJkppM (visited on 13.01.15) 
29 The £15Bn Railway Episode 2: Tunnels Under the Thames BBC 2014. https://www.youtube.com/watch?v=HewC4OpY8b8 (visited on 

14.01.15) 
30 http://www.crossrail.co.uk/construction/tunnelling/meet-our-giant-tunnelling-machines/ (visited on 18.01.15) 
31 The £15Bn Railway Episode 2: Tunnels Under the Thames BBC 2014. https://www.youtube.com/watch?v=HewC4OpY8b8 (visited on 

14.01.15) 
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f) Building underground to very tight tolerances 
 

Ensuring that the TBM remained on its intended route and depth was of significant concern. This was an 

especially important problem because at one point, nicknamed the 'Eye of the Needle', the TBM had to 

bore a hole exactly 0.35 metres below the escalators at Oxford Street and 0.85 metres above a live 

Northern Line Tunnel
32

. It was paramount that the tunnel remained on course to avoid drilling into and 

flooding the existing Northern Line tunnel. Luckily none of the above happened as the tunnel was bored 

exactly on route. This was achieved using lasers which constantly fired beams at prisms which were 

located both in front and behind the TBM to keep it on course. As GPS navigation systems are obviously 

not an option underground, lasers were chosen to accurately guide the TBM because they exploit the 

physical phenomena of light travelling in straight lines and the low spread and fringe interference effect of 

laser light. 

 
Figure 5 - Shows the miniscule gap through which the Crossrail tunnel had to fit under Oxford Street Station.33 

4. Conclusion 
 

Although engineers have been building city transport tunnels for over 130 years (the Circle Line was fully 

opened in 1884), what makes Crossrail remarkable is the scale of the project (both its length and cross-

section), its need to weave in and out between the existing buildings and infrastructure, the fact that it 

requires underground construction techniques which have only been around for a short time (such as laser 

positioning and subsoil support), and its aim of minimising environmental impact by, for example, 

sending soil to a nature reserve in Essex.  
 

It is all of the above reasons combined that make this project such a great engineering feat and thanks to 

Crossrail it will soon be even faster to travel around London. Although Crossrail had completed the 

drilling stage, as of Spring 2015, there is still plenty left to do: namely fitting out stations and tunnels and 

completing archaeological investigations at the important sites which have been found.  
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