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executive summary

In the Summer of 2009  I was fortunate enough to be selected as the Happold Trust Travel Scholar, and after graduating from 

the University of Bath I spent a month travelling in Europe.  This book provides a record of my trip, and includes details of 

many of the structures visited.  The trip is summarised below:
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My thanks go to the Happold Trust for their generous award and in particular to Michael Dickson (chairman) for his 

assistance during the planning of this project.  Further thanks are due to Dr. F. Heinlein of Werner Sobek and Stefan 

Neuhäuser of ILEK for giving up their time during my visit to Stuttgart.
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1.introduction

1.1.the happold trust

Established in 1995 by Ted Happold and the rest of the founders of Buro Happold, the Happold Trust is a registered charity 

that promotes  education, research and training in the fields applicable to the construction industry, engineering, design, 

technology and architecture.

Funded by donations from the Buro Happold partnership, the Trust is administered by a group of Trustees who are currently: 

Michael Dickson (Chairman), Eve Happold, Ian Liddell, Rod Macdonald, David Reed, Graham Watts, Neil Billet,  Paul Rogers, 

Neil Squibbs and Emily McDonald. The Trust's Secretary is Lorraine Milne.

Every year the Happold Trust provides sponsorship for one or two Bath students who are about to enter,  or who have just 

finished, final year.  The sponsorship is to travel somewhere and investigate an activity that is related to civil engineering.  In 

2008 it was won by Ellen Grist and Harriet Sanderson who went to Zambia.  

1.2.application

In May 2009, I sent in an application to investigate Structural Innovation in Europe, with a particular interest in shell  and 

concrete structures.  Innovation in structural design can be traced from the Romans’ early use of concrete right up to 

modern gridshells.  Understanding how these structures, from the dome of the Pantheon to the membranes of the Eden 

Project, have been designed and constructed is fundamental to the future development of structural design.

My itinerary began in Rome, before travelling North to Florence and Turin to investigate the fantastic work of Pier Luigi Nervi.  

After crossing the Alps, two innovative bridges were visited in France,  after which I entered Spain to investigate early Timbrel 

vaulting,  as later made famous by Rafael Guastavino in America.  Crossing Europe, various shell structures were considered 

alongside the pioneering work in prestressed concrete of Eugène Freyssinet.  The wealth of inspiring work to be found in 

Europe made choosing a suitable route difficult, and on average I spent just two nights in each of seventeen cities.  Rail was 

chosen as the main means of transport (using an InterRail pass), and accommodation was found in youth hostels.
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1.3.the route
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1.4.structure

The emphasis of this book is  to provide information in as brief a fashion as possible.  In each city, some structures  are 

described in more detail than others, and external references are provided when additional information may be desired by 

the reader.   Each of the five countries visited (Italy, France, Spain, Germany and Switzerland) has  its own section, which 

begins with a statistical summary laid out as shown below.

population 
structure

population

population growth

country area

per capita 
gdp (ppp)

length of rail network

imports

exports

data obtained from the CIA World Factbook (2009)
http://tinyurl.com/2h2e3k 
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Reproduction of original application as sent to the Happold Trust, Summer 2009

Location information for each of the structures visited is  stored using Google maps.  By navigating to the accompanying 

website (address below), .kml  files can be downloaded for viewing in Google Earth.  The website includes  additional 

information about the trip as well as a photo gallery, and is available at:

✤ http://bh09.jjo20.co.uk

Alternatively, please feel free to send an email to the author at:

✤ j.j.orr@bath.ac.uk

The photographs contained in this  book are the property of the author, except where credited otherwise and should not be 

reproduced without permission.  Digital copies can be obtained by contacting the author.  Thank you.
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2.italy

2.1.introduction

301,340 km2

$31,000

(PPP, 2008)

19,460 km

$566.1bn

$566.8bn

14%

66%

20%
0-14
15-65
65+

58,000,000

-0.047%

Italy was the first country to be visited and a total of 9 days were spent in the following cities:

• Rome

• Florence

• Milan

• Turin
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2.2.rome

pantheon (c.125)

The Pantheon is simple yet remarkable building.   Its central dome spans 43.3m and, almost 2000 years after its 

construction, is the largest unreinforced concrete dome in the world.   Given the turbulent history of Rome, this  is quite 

remarkable.  Construction was begun by the Emperor Hadrian, although it is thought that a temple has stood on this  site 

since at least 27BC, with a temple possibly being constructed by Marcus Agrippa.

The design of the Pantheon can be considered in three units, as 

sketched right.  The entrance portico leads into the rotunda, above 

which sits the dome.  The geometry of the building is  such that the 

height to the oculus of the dome and the interior diameter of the 

rotunda are the same.  

The invention of concrete is what made the Pantheon possible.   As 

early as  25BC, Vitruvius  provided guidance on different mixes to 

use, all of which essentially consisted of a mortar and aggregate 

mix.  For structural purposes, Vitruvius recommended a mortar 

made using lime and pozzolana ash; this was combined with an 

aggregate of rock (often basalt) and crushed stone.

The dome of the Pantheon reveals just how much the Romans knew about structural design.  For example, they knew that 

in order to stand up the lateral thrust at the base of the dome had to be minimised.  A solid dome in Roman concrete would 

weigh some 20,000t and was simply too heavy.  To save weight, four crucial changes (shown opposite) were made to the 

solid dome that reduced its weight to an estimated 5,000t.  Lateral thrust from the dome remained a real concern, as 

evidenced by the seven circumferential tie rings around the base of the dome.  Also formed from concrete, these rings are 

highlighted on the dome section (opposite).

The construction technique used to build the dome is unrecorded, but some form of centring was undoubtedly used.  Some 

believe that the first third of the dome could have been built unsupported, others argue that the centring is more likely to 

have supported the entire dome during construction.
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colosseum (80)

Also known as the Flavian Amphitheatre, the Colosseum was begun by the Emperor Vespasian in AD70, opened by Titus in 

80 and completed by Domitian some time later.  The first permanent amphitheatre in Rome, it had an estimated capacity of 

some 50,000 spectators.  Circulation is  provided by a system of radial ramps and stairs that give access to circumferential 

passageways, a system that had been proven on a smaller scale at the Theatre of Marcellus.

On plan, the arena is an ellipse measuring 188m x 156m.  There are eighty radial walls, and just as many entrances around 

the circumference.   The circumferential double ambulatories  on all three levels are evident in the section (opposite)  and from 

here the tiered seating is accessed.   Seating is divided according to rank - closest to the arena sat the Senators, followed by 

those of Equestrian rank and other Roman citizens.  The uppermost tier was reserved for women and plebeians.

Whilst much of the interior, including the original floor and seating, has been lost, a good portion of the external facade is 

retained.  The three arcades are faced with three-quarter columns and entablatures.  The columns are Doric in the first 

storey, Ionic in the second and Corinthian in the third.  Above this sits an ‘attic storey’, with shallow Corinthian pilasters and 

small square windows that provided light to the uppermost tiers.  At the top,  brackets that would have carried masts for a 

velarium (canopy) are visible.

Beneath the sand covered wooden arena floor was hidden a two level network of tunnels and rooms known as  the 

hypogeum  (literally ‘underground’).  Here, gladiators, animals and prisoners  would be held before and during the games, and 

eighty vertical shafts provided access directly onto the arena.  The hypogeum was connected by tunnels to other structures 

outside the colosseum, including stables and the gladiatorial barracks.  The Emperor and Vestal  Virgins, who occupied 

special boxes in the arena, were provided with separate access tunnels to avoid the crowds.

The construction is a testament to the Romans’ ingenuity, and uses many of their building techniques.  The foundations 

(12m deep) are of mass concrete.  Above this,  travertine opus  quadratum is  used for the piers and arcades, with tufa infilling 

to create the low level radial walls.   Higher up, brick faced concrete is used for the radial  walls  and most of the vaulting.  The 

plan of the Colosseum was essentially replicated on a smaller scale at both Nîmes and Arles,  although these amphitheaters 

were built almost entirely of ashlar.
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“Concrete is a living creature which can adapt itself to any form, any need, any stress”
Pier Luigi Nervi, in Time Magazine (11/11/57)

http://tinyurl.com/oast2q
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palazzetto dello sport (1957)

This  small arena, designed by Pier Luigi  Nervi, was opened in 1957 for the 1960 Summer Olympics in Rome and has a 

seated capacity of 3,500.  It is one of three buildings designed by Nervi for this event, the others being the Olympic Stadium 

and the Palazzo dello Sport.  During the Olympic Games the Palazzetto dello Sport was used primarily for boxing, and is 

currently used by the Pallacanestro Virtus Roma basketball team as a training court.

The Palazzetto dello Sport is  the good looking ‘baby brother’ of the Palazzo dello Sport (capacity 10,500).   Both arenas use 

similar prefabricated ribbed concrete shells, but the externally visible buttressing of the Palazzetto, a feature that gives it 

great dynamism, is not replicated at the Palazzo.   Instead, the Palazzo’s structure is enclosed in a circumferential glass 

gallery which gives it a disappointing external elevation that is in stark contrast to the internal drama of the dome.

The Palazzetto's prefabricated shell (diameter 61m) is supported and braced by 36  elegant prefabricated Y-shaped external 

flying buttresses which are structurally separate from the arena beneath it.  This separation allowed Nervi to install a 

continuous ribbon of glazing between the shell and the arena walls  which both provides  daylighting and gives the illusion that 

the dome is hovering over the spectators, as illustrated below.

Glazing

Arena

Shell of prefabricated 
elements

Supports

Shell

Whilst Nervi’s diamond lamella shells are both architecturally and structurally significant, it should be remembered that his 

designs were nearly always driven by cost and the desire for efficient use of construction materials.  In an interview in Time 

Magazine (11/11/57) Nervi himself says that his buildings are simply ‘a rigid interpretation  of structural necessities’, and that 

their ‘beauty does not come from decorative effects, but from structural coherence’.

This  theory is  seen throughout Nervi’s work, beginning perhaps with his aircraft hangers at Orvieto, Italy, for the Italian air 

force (completed 1935, destroyed 1944).  Avoiding the use of scarce wood and steel, Nervi’s reinforced concrete vault used 

prefabricated elements  to span a 111.5m x 44.8m hanger with no internal columns.  The Palazzetto dello Sport is therefore 

just one in a long line of economical, structurally efficient and beautiful reinforced concrete buildings.
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additional visits

british embassy

Address:

Structure type:

Completed:

Engineer:

Architect:

Via 20 Settembre

RC Frame

1968

Ted Happold

Basil Spence

Notes: Replaces the previous Embassy which was 
bombed in 1946.

Main structure is a two storey square ring on 
columns, with lift cores carried down to ground 
level.  There are 15 cruciform shaped columns, 
from which the octagonal shaped cell structures 
cantilever.  Inside these cells are the work and 
living areas of the embassy (see exploded 
isometric diagram).

Ted Happold’s extraordinarily detailed paper 
regarding this building can be viewed at:

http://tinyurl.com/kuemn6
(IStructE membership required)

stadio flaminio

Address:

Structure type:

Completed:

Engineer:

Architect:

Via Flaminia

RC

1957

Pier Luigi Nervi, Antonio Nervi.

-

Notes: Rugby stadium with a capacity of 32,000.  Used 
by the Italian national team, it is the smallest of the 
Six Nations pitches.
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2.3.florence

santa maria del fiore (1436)

The dome of Florence’s cathedral is an extraordinary piece of engineering.   Completed by Filippo Brunelleschi in 1436, it 

spans 42m and was the first octagonal dome to be built without the use of centring.  The formula for concrete having been 

lost since antiquity, Brunelleschi opted to construct the dome using brick, and it remains the world’s largest masonry dome.

To solve the problem of vaulting such a large span without centring, Brunelleschi designed the first double skin dome, using 

a lightweight internal shell and a heavier external one.  When visiting the Cathedral, it is necessary to walk between these 

two skins to get to the upper lantern:

The dome is supported in part by a series of chains running circumferentially,  four in stone, one in timber and perhaps more 

in iron (these were recorded by Brunelleschi, but magnetic surveys have failed to pick them up).  The stone chains are joined 

at the corners  using iron clamps (covered to prevent rusting)  and have increasingly complex geometry towards the top of the 

dome.  The wooden tie, which consists of 24 beams, each 20ft long and 1ft deep, is  just one of four that were originally 

planned.  They remaining three were not installed, perhaps due to shortages of timber at the time.

The design and construction of this  wonderful dome is explained and analysed in detail in Ross King’s  book ‘Brunelleschi’s 

Dome’, (published by Pimlico).  Brunelleschi was famously secretive, and many of his innovations died with him.  

Brunelleschi was in fact buried in the crypt of the cathedral, giving definitive evidence as to his high status in Florence.
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Pointed fifthPointed fourth

The geometry of the double shell 
at Santa Maria del Fiore,Florence.

56 o - No Maps 2.pdf   23 31/01/2010   18:32



56 o - No Maps 2.pdf   24 31/01/2010   18:32



2.4.milan

staircase (left)

Located in Piazza dei Mercanti, just west of the Duomo di Milano, this remarkable staircase illustrates some of the difficulties 

of working with historic buildings.  Attached to a simple market building, and inaccessible to the public, it appears to be 

simply an access route to the upper storeys, which are currently being renovated.

The stairs are suspended from a central mast,  allowing them to avoid imparting any load onto the existing building.  The stair 

treads are formed from glass lamella - glued together and attached to the supporting frame using metal clamps.

duomo (below)

Milan’s Cathedral is a Gothic masterpiece, taking a total of five centuries to complete and is currently the fourth largest 

church in the world.  Six years of renovation of the West façade were completed in 2009, revealing again the colour of the 

Candoglia marble.
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torre velasca

Address:

Structure type:

Completed:

Engineer:

Architect:

Piazza Velasca

RC Frame

1958

-

BBPR

Notes: Standing 106m tall, this tower was designed by 
BBPR (Banfi, Belgiojoso, Peressutti and Rogers).

Its structure is reminiscent of the Lombard 
tradition of tower building - with a small footprint 
and wider top section.  This model is in fact useful 
in a city, since it frees up space around the tower’s 
entrance.

The external frame is beautifully finished and is 
reminiscent of cathedral architecture in how it 
reaches skyward to support the wider upper 
storeys.

museo nazionale della scienza e della tecnologia - air and sea transport pavilion

Address:

Structure type:

Completed:

Engineer:

Architect:

Via San Vittore 21

Concrete

1973

Milan Municipal Council

-

Notes: The national museum of Science and Technology 
in Milan is based primarily in a converted sixteenth 
century monastery.  

The Air and Sea Transport Pavilion is the newest 
addition to the museum, and attracts attention not 
only because of its exhibits (which include a 
brigantine and numerous planes) but also for its 
unique roof.  The shell springs from cruciform 
shaped columns.

The building is square in plan, and has a simple 
3x3 grid of supporting columns.
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2.5.turin

palazzo di torino esposizioni (1949)

Pier Luigi Nervi’s exhibition hall  is perhaps one of his most famous works.  Commissioned by Societa Torino-Esposizioni in 

1947 and completed in 1949, the 110m long hall provides exhibition space for the Italian National Automobile Museum.  The 

main hall is  spanned by a curved and undulating shell, formed of prefabricated ferro-cemento elements connected to in-situ 

reinforced concrete arches, as shown below.  The abutments were cast in-situ.

Roof beam for Hall B Pre-fabricated tiles to form the half dome

The floor of the hall is also a hybrid structure, using prefabricated beams with a structural topping to make a two way 

spanning floor system.  At the rear of the hall, the half dome structure also makes use of prefabricated elements.

To construct the half dome, its  surface was subdivided into sections of approximately 20-40 sq ft.,  each cast in a mould on 

the ground.  The edges of these sections are shaped such that,  when laid next to one another, they create the required 

forms for the stiffening ribs  (as shown above right).  The pattern of the stiffening ribs is replicated in many other works,  and a 

similar system was used for the roof of the neighbouring Exhibition Hall C.

The shell over Hall B  was constructed using a wheeled formwork system that moved on rails down the length of the hall.  

The prefabricated ferro-cemento elements cut the weight of the roof dramatically, and these sections were simply lifted into 

place by a small  crane.  Construction was rapid, with 20 precast elements (covering 2,150 sq ft)  being installed each day.  

Further information is available in Pier Luigi Nervi’s own book - ‘Structures’ from which the above is taken.

The entire hall was constructed in just 8  months, at a cost of only $500,000 (approximately $65/m2), and at the time was 

one of the largest roof structures in Europe.  The hall currently suffers from some climate control problems, and is  rather hot 

during the summer months.  In 2006, it was converted into an ice-hockey rink for the Turin Winter Olympics.
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additional visits

‘the mole’

Address:

Structure type:

Completed:

Engineer:

Architect:

Via Montebello, 20

Brick/Concrete

1889, 1930, 1933

A. Pozzo; G. Albenga

Alessandro Antonelli

Notes: Originally designed as a Synagogue, escalating 
costs meant that the project was taken over by the 
city of Turin in 1876.  The entire structure was built 
in brick, and remains the tallest building in Turin.

Stability concerns in the 1930s led to two 
interventions.  Firstly (in 1930) the internal circular 
brick columns were enclosed in RC frames by A. 
Pozzo.  In 1933 G. Albenga then reinforced the 
building’s foundations, and added further 
reinforcement to the perimeter structure.

All of the concrete work is exposed, and is a major 
intervention.  In 1953 the pinnacle was destroyed 
in storms and has subsequently been replaced 
with a lightweight metal structure covered in stone.

palazzo del lavoro

Address:

Structure type:

Completed:

Engineer:

Architect:

Via Ventimiglia, 211

Concrete and Steel

1961

Pier Luigi Nervi

-

Notes: A fantastic exhibition hall, it has stood disused for 
many decades.  A covered area of some 
25,000m2 (giving 45,000m2 of exhibition space), is 
divided by just 16 concrete columns, from which 
steel beams spread radially to support the roof.

Each column is cruciform in plan at ground level, 
tapering to a circular section at roof level, some 
20m above.  Each of the 16 bays are structurally 
isolated.

The walls are clad entirely in glass, supported by 
full height steel mullions.  The entire structure was 
constructed in just 18 months.

Plans to redevelop the building are underway and 
it is to be reopened in 2011, 50 years after the 
original opening.  
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Fiat works - East elevation
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fiat works

Address:

Structure type:

Completed:

Engineer:

Architect:

Via Nizza, 250

RC

1923

G. Matté-Trucco

-

Notes: Matté-Truco was a Naval Engineer, and the first in 
Italy to make use of reinforced concrete.  His close 
relationship with Giovanni Agnelli (the founder of 
FIAT) led to him designing the Lingotto production 
factory.

1.5Mm2 of floor space is organised over five floors, 
providing space for up to 6,000 workers.  
Including a roof top test track, it was later 
earmarked as one of the benchmarks of modern 
technology in Le Corbusier ’s ‘Vers une 
Architecture’.

The helicoidal car ramps at either end of the 
building are a remarkable innovation - braced by 
slender concrete ribs they are sure to have 
influenced the later work of Nervi.
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3.france

3.1.introduction

19%

65%

16%
0-14
15-65
65+

64,050,000

643,427 km2

$32,700

(PPP, 2008)

29,370 km

$761bn

$833bn
+0.549%

Within France the following cities were visited:

• Marseille

• Montpellier

• Paris
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3.2.marseille

hôtel du département (1994)

The Hôtel du Département for Bouches du Rhône was designed by Alsop & Störmer, with Arup as engineers.  Completed in 

just 26 months, the building consists of three blocks,  two housing the administrative offices and the third (the ‘cigar’) housing 

the assembly halls  and council chambers.  The three are connected by a series of walkways and travelators.  The main 

public entrance is supported on pairs of ‘X’ shaped columns, providing an interesting yet unintimidating façade.

The project uses ordinary materials in an extraordinary way to create what Alsop describe as the “antithesis  of the 

conventional bureaucratic fortress”.  There is  also an emphasis on economy, with natural ventilation strategies  employed 

wherever possible to reduce the reliance on air conditioning.   The assembly hall itself is shaded by an external fabric 

membrane that prevents overheating in the Mediterranean sun.

In the space outside sits  ‘Le Zénith  le Dôme’, an 8500 seat multipurpose theatre and arts venue that was sadly closed 

during the visit.  However, it has  an interesting form, with a central spine arch rising over the building,  from which the domed 

roof construction appears to have been hung.

cité radieuse (1952)

Also known informally as La Maison  du Fada (The House of the Mad), Le Corbusier’s remarkable multistorey apartment 

block in Marseille follows his Unité d’Habitation concept.  The block has  337 apartments, each covering two levels and 

having its own balcony.  The generous  division of space is one reason for its  continuing success, along with the shops, 

offices, tennis club, gym and rooftop bathing pool.

The building is a relatively simple concrete frame, raised off the ground by several large columns.  Deterioration in the 

concrete, due in part to the corrosive salty air in this exposed location, has led to an extensive and ongoing refurbishment 

program.  During the visit, exposed rebar and crumbling concrete were in evidence in various places.
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3.3.montpellier

the millau viaduct (2004)

The Millau Viaduct (by Michel Virlogeux, with architect Norman Foster) forms the final link in the 210 mile long A75 motorway 

which runs North-South across  France.  Along its  length there are five passes, three tunnels, and eight viaducts or bridges, 

of which Millau is by far the most impressive.

Prior to its construction, traffic on the A75 crossed the River Tarn at Millau,  causing considerable congestion in this small 

town and reducing the capacity of the motorway to carry traffic to and from Paris.   The solution is a massive technological 

achievement given the difficult climatic and geological conditions of this area.  Ten years of research into possible solutions 

led to the design as it is seen today, which itself took four years to build.

The viaduct has eight spans, six of 342m and two of 204m, making it the world’s  longest cable stayed bridge (2,460m).  The 

steel deck is  sloped by approximately 3º North-South, and has a plan curve radius of 20km.  Each of its seven concrete 

pylons tapers from its base to the road deck, and is split  in two over the top 90m.  This provides a less stiff, more flexible 

section and thus thermal expansion of the deck generates smaller horizontal forces in the end piers.  By reducing the pier 

section’s moment of inertia, the forces to be resisted are reduced when compared to a solid pier section.

The tallest pier, P2, is the highest in the world at 244.96m and also has the world’s highest mast, at 343m.  During 

construction, eight temporary towers were installed to support the bridge deck while it was launched from both abutments 

at a rate of around 150mm a minute.  The design, construction and history of this bridge are 

documented in a National Geographic episode of ‘Megastructures’.   Further information can 

also be found in the following papers, both co-written by Michel Virlogeux:

✤ http://tinyurl.com/lhml9p - The Design and Construction of the Millau Viaduct
✤ http://tinyurl.com/n6dyfp - Non linear behaviour of the piers of Millau Viaduct
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passerelle des anges (2009)

Designed and engineered by Rudy and Romain Ricciotti,  this  small footbridge (67.5m span) is located just outside the 

beautiful village of Saint-Guilhem-le-Désert in Southern France.  It is a precast, post tensioned structure and is one of the 

first in Europe to make use of Ductal®, an ultra-high performance concrete (compressive strength 200MPa, tensile strength 

20MPa) produced by Lafarge.

The bridge serves as a link between a new visitors centre and the existing (C11th) Pont du Diable (Devil’s bridge), and was 

assembled on site in 45 days.  The bridge is formed of 15 precast voussoirs, each having a distinctive U-shape.  These were 

simply craned onto temporary works before cables  were threaded through ducts.  The cables were then stressed to 

compress the entire structure, lifting it off the temporary works and providing the finished bridge.  Panels of Ductal just 

40mm thick were then lifted in to act as the wearing surface for pedestrians.  The envisaged construction sequence is 

sketched below.

units precast tensioningassembly temporary works removedcables

The relatively lightweight structure left it vulnerable to dynamic effects, so a system of dynamic dampers  is  used to prevent 

movement - these are visible as black boxes on the underside of the bridge in the photograph (left).
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3.4.paris

halle freyssinet (1929)

Designed by one of the early pioneers of prestressed concrete, Eugène Freyssinet, this remarkable hall is  currently owned by 

SNCF, the French National Railway authority.  It has been used variously as a rail-cargo warehouse, by a packaging 

company, and as one venue for the 2009 Paris Fashion Week.  It is also known as Halle Sernam or Halle des Messageries.

The hall is  rectangular on plan and covers 310m x 72m.  The space is covered with three parallel barrel vaulted naves,  each 

with prestressed concrete ties.  The regular division of space and modest spans made it an economical structure that has 

required little repair over the past 80 years.  The roof is remarkably thin, and generous openings provide daylighting to the 

space below.

Very few of Freyssinet’s buildings  are still in use,  and many of his bridges have been destroyed, making the preservation of 

this unique structure all the more important.  The hall is, however, only intermittently used, and redevelopment of the area 

has  led to uncertainty over its  future.  In recognition of its heritage status, the local council has pledged to keep at least half 

of the structure, but some images from a recent architectural competition show the complete demolition of the hall.

Early work by engineers such as Considère (who in 1860 used vertical threaded bars  to join granite blocks), Doehring (who 

in 1888  patented a system for the use of tensioned wire as reinforcement in concrete structures), and Rabur (Freyssinet’s 

tutor, who in 1903  built the first prestressed concrete corbels) is important in the history of prestressed concrete, but it was 

Freyssinet who truly grasped its revolutionary possibilities.

In 1910, Freyssinet designed an arched concrete bridge at Le Veurdre, near Vichy.  The structure was monitored closely, and 

large deformations due to concrete creep were recorded.  In 1911, using jacks located at the crown of each arch, the halves 

were pushed apart and the original geometry restored.  The gaps were then filled with concrete, making this  Freyssinet’s first 

large scale prestressed structure.  Freyssinet subsequently developed his ideas for prestressing, notably in the bridges at 

Villeneuve-sur-Lot (1914), and Laon (1928) and, most famously, the three span arch bridge at Plougastel (1930).

It was his work on preventing creep in the Plougastel arches that led to more general idea about prestressing.  Freyssinet 

obtained a patent in 1928, at which time he started a business making prestressed concrete electricity pylons (which was 

not a success).  The Halle Freyssinet was completed at around this time.
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Freyssinet, E., 1936.  Une Révolution dans les Techniques du 
Béton.  Paris: Librairie de l’enseignement technique.

Billington, D. P, 1983.  The tower and the bridge: the new art of 
structural engineering.  New York: Basic Books
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cnit and la défense (1958)

The concrete shell structure for the Centre of New Industries and Technologies (CNIT) was engineered by Nicolas Esquillan, 

and Pier Luigi Nervi served as a consultant to the design team.  The shell covers some 22,500m2 and is triangular on plan, 

with a distance of 218m between supports.  It was one of the first buildings to be built at La Défense, a 400 acre business 

district some 5km northwest of the Arc de Triomphe.

The ribbed shell provides a remarkable internal space, which currently houses offices, shops and a hotel.   The double shell 

design saves weight through its  honeycomb construction - the thin top and bottom shells are connected with vertical webs.  

The shell is in fact composed of three quadrilateral pieces,  separated by a three way movement joint that is  visible from the 

interior space.  At the time, a further design proposal was put forward by Nervi, utilising diamond ribbing as seen in the 

Palazzetto dello Sport, but maintaining the triangular plan.  The façade is also a remarkable structure (engineered by Jean 

Prouvé), with glazing spanning the entire 46m rise.

Additional details can be found in Malcolm Millais’ book Building Structures: From concepts to design, (published by Taylor and Francis).
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additional visits

bridge at changis-sur-marne

Address:

Structure type:

Completed:

Engineer:

Architect:

Changis-sur-Marne

Precast prestressed concrete

1950

Eugène Freyssinet

-

Notes: Spanning 74m, this is one of Freyssinet’s 
remaining bridges.  A simple design, it shows 
elegant use of prestressed concrete and has a 
remarkably slender profile.

The bridge forms part of a family of five 74m span 
bridges of the same design, which itself is 
modelled on Freyssinet’s earlier bridge at Luzancy 
(54m span, precast, post-tensioned beams).

The bridge is in good condition, considering its 
age and the problems of inadequate concrete 
compaction and lack of cover often found in such 
structures.

Further information: Post tensioned concrete bridges: 
Anglo-French liaison report (Highways Agency, TRL,1999)

pompidou centre

Address:

Structure type:

Completed:

Engineer:

Architect:

Place Georges Pompidou

Steel frame, truss roof

1977

Ted Happold and Peter Rice

Renzo Piano and Richard Rogers

Notes: The high tech Pompidou Centre provides light 
relief from Paris’ seemingly endless supply of 
romantic churches, streets and squares.  The 
centre is famous for providing excellent exhibition 
spaces, as well as its inside-out services.

The steel exoskeleton includes some very large 
castings (see photo) which required careful 
detailing to ensure sufficient ductility was provided. 

The trusses, which span the short length of this 
building, have double top and bottom chords, 
which connect to the castings and are clad for fire 
protection.
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The idea for this  sort of work came to me when people found it impossible to grasp the question I asked them: why is 

the history of art and ideas almost exclusively about men?   In the absence of any representation of this question, I 

thought the simplest thing would be to find a visual form for it.

So I decided to create a form opposed to the existing form, to invent a complementary art history, reversing the 

gender of all the best known artists, from male to female, and much more rarely, from female to male.  There thus 

appeared a new artistic population, which in being just as  monolithic as the history from which it was  derived, 

succeeded in raising the question I was asking.  The history of art now has a new volume.

Agnès Thurnauer, 

Notes d’atelier, 2009

Why is the history of art and ideas 
almost exclusively about men?

56 o - No Maps 2.pdf   51 31/01/2010   18:33



56 o - No Maps 2.pdf   52 31/01/2010   18:33



4.spain

4.1.introduction

15%

67%

18%
0-14
15-65
65+

40,525,000

505,370 km2

$34,600

(PPP, 2008)

14,974 km

$292.8bn

$444.9bn
+0.072%

The work of Santiago Calatrava dominates  in this section, and many of his  most famous works were visited.   In 

addition, timbrel vaulting, thin shells and unique refurbishments are considered.  The following cities were visited:

• Barcelona

• Valencia

• Madrid

• Seville

the happold trust travel scholarship 2009 45/106
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4.2.barcelona

church of colònia güell (1915)

The commune of Colònia Güell was set up in 1890 by businessman Eusebi Güell.   The commune is a model industrial 

estate, with not only workers’ housing provided alongside the new factories,  but cultural  and religious  facilities also.  Various 

architects were commissioned to build a theatre, school and private housing.  Most notable was Antoni Gaudí, who was to 

design the new church.

Gaudí’s  design was characteristically ambitious, including two naves  and a 40m high central dome.  The plan and section 

(opposite)  give some idea as  to the scale of the proposed building.  Only the lower nave was completed, and there are 

(unlike the more famous  Sagrada Familia)  no plans  to complete the building works.  The completed sections provide us with 

some of Gaudí’s most beautiful work, and with far less publicity than many of his works it is a pleasure to visit.

The church includes  nearly all of Gaudí’s  innovations - catenary arches in the lower nave are designed to carry the full 40m 

dome above, and the external walls are formed in the shape of hyperbolic paraboloids.  The entire structure was designed 

using a hanging model and the timbrel vaulting is both innovative and efficient.  The church is beautifully finished, and there is 

a clear relationship between the architectural forms, building techniques and structural layout.

The timbrel vault  was developed during the 14th Century (also 

known as a Catalan, layered or laminated Vault)  and differs 

substantially from the ‘Roman’ method of arch construction, as 

shown left.   The timbrel vault relies not on gravity, but on the 

adhesion (provided by a fast setting mortar)  between layers of thin 

tiles.  Span/depth ratios for the timbrel vault are vastly superior to a 

Roman vault, and the method enables the construction of wide spans with shallow rises.  The method was rediscovered by 

Gaudí and his peers in the late 19th Century, and was successfully exported to America by Rafael Guastavino, whose 

numerous works include the Boston Public Library.  The technique was developed further by Eladio Dieste, but fell out of 

fashion as labour costs rose and material costs fell, making this material-light and labour-intensive method unpopular.

More information about the church, including details  of the 2002 restoration attempt that resulted in the destruction of some 

of Gaudí’s  original work,  is available at http://tinyurl.com/kscns8.  Further information regarding the history and structural 

behaviour of timbrel vaulting can be found at http://tinyurl.com/6nxvf8 and http://tinyurl.com/lgyubz.
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‘Roman’ vault

Timbrel Vault

From Gustavino’s original patent application NTS
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Making a timbrel vault

Two or three courses is plenty for spans up to 
around 33m.

The shape is guided by wooden battens, but also 
requires skill and a good eye to obtain the 
desired shape.

Photos and information from a project at MIT. 
See http://tinyurl.com/nxxrt.

Foundation stones laid Parabolic shaped groins built First course of tiles is laid in Plaster of Paris (sets 
in 10seconds).  No formwork is needed. The first 
course serves as formwork for the second 
course, which is laid over the first using 
waterproof cement mortar.
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The resistant virtues of the structures that we seek 

depend on their form; it is through their form that 

they are stable, not because of the awkward 

accumulation of material. There is nothing more 

noble and elegant from and intellectual viewpoint 

that this: to resist through form.

Eladio Dieste, 1987.  La Estructura Ceramica. 

Bogotá: Escala.

Timbrel vaulting
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montjuic communications tower (1992)

Santiago Calatrava’s  steel tower for the Barcelona Olympics is both a high tech TV transmitter and an interesting take on the 

traditional sundial.  The 136m tall structure, which is  operated by Telefonica Spain, took three years  to build and provides an 

alternative to the usual TV tower, covered in satellites and aerials.  The clean finish is achieved by enclosing the microwave 

dishes behind a single sweeping arc at the top of the tower.

The design is based on a sketch of a kneeling man making an offering, or perhaps holding the Olympic Flame.  Calatrava 

pays homage to Gaudí by covering the basement structure with trencadís (also known as  pique assiette, the mosaics are 

created using shards of broken tiles).   Although the colours  are rather more muted than those favoured by Gaudí,  it provides 

a stark contrast to the clean, unbroken lines of the steel tower.

Before construction, modifications were made to Calatrava’s original design, with the principal alteration being to shorten the 

main ‘stem’.  This change was made without any other geometric alterations, thus losing Calatrava’s proportions.  Whilst the 

structure as  it stands is not ugly, by considering photographs of the original model it is apparent that some of its  beauty has 

been lost.

The basement is a totally private space, accessible only to Telefonica’s engineers, and here three inclined concrete legs 

supporting the tower can be seen (opposite).  Their locations are estimated on the sketches shown below:

1 1

Plan
1-1
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additional visits

arena de barcelona

Address:

Structure type:

Completed:

Engineer:

Architect:

Plaça d’Espanya

Brick/Steel and Concrete frame.

1900/under construction

Expedition Engineering and BOMA

Rogers Stirk Harbour + Partners

Notes: Plaça d’Espanya is one of the largest public 
squares in Barcelona.  The Arenas de Barcelona 
was originally built in the Moorish Revival style in 
1900 as a bullring, but had stood derelict for 25 
years before its redevelopment began in 2000.

The C19th façade is being retained, supported on 
a ring of columns rising some 3m above ground 
level.  Considerable excavation has also been 
undertaken to form a deep basement behind, 
making the retention of this façade particularly 
impressive.

The circular structure within holds some 70,000m2 
of commercial, retail and leisure spaces.  Once 
complete, one of the world’s largest timber shell 
structures will enclose the entire space.  Formed 
from short lengths of glulam beam, its members 
form a pattern of lozenges rising up to a 30m 
diameter oculus.  Once completed, it promises to 
be quite spectacular.

More info:
http://tinyurl.com/memsaj 
http://www.expedition-engineering.com 

hotel les arts

Address:

Structure type:

Completed:

Engineer:

Architect:

Marina 19-21

Steel frame

1992

Skidmore, Owings & Merrill LLP

Skidmore, Owings & Merrill LLP

Notes: The five star Hotel les Arts is part of a large marina 
development in Barcelona.  The external structure 
leaves little to the imagination and provides an 
interesting alternative to the design of its 
neighbour, the Torre Mapfre.
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4.3.valencia

ciutat de les arts i les ciències (1996-present)

The City of Arts and Sciences, with a covered area of over 350,000m2,  provides a unique scientific and cultural centre for the 

city of Valencia.  The site is  divided into five main elements,  four of which (L’Hemisfèric, El Museu de les Ciènces Príncipe 

Felipe, L’Umbracle and El Palau de les Arts Reina Sofía) are by Santiago Calatrava, with the late Félix Candela designing the 

shells of L’Oceanogràfic.

Stretching some 2km along the bed of the now diverted River Turia, water pools have been used across the site to act as 

mirrors  to some of the most interesting and varied architecture perhaps to be found in Europe today.  The newest building 

(due to open in October 2009)  is  the Agora, a new Tennis arena (also designed by Calatrava) featuring a complex movable 

roof system that allows for complete control over daylight and ventilation levels on the pitch below. 

el palau de les arts reina sofía (2005)

Valencia’s Opera House is the latest building to be completed in the City of Arts and Sciences, and provides some 40,000m2 

of cultural space, including four auditoriums.  Calatrava refers to the Opera house as a ‘monumental sculpture’, designed as 

‘series  of apparently random volumes, which become unified through their enclosure with two symmetrical,  cut-away 

concrete shells’.  The building cost an estimate €120M, took 9 years to complete and can seat up to 4,000 people in three 

separate auditoriums.

Structurally, the main attraction is the huge 3,000t curved steel roof.  At 230m long, it rises from ground level (and provides 

shelter to the entrance foyer) to cover the entire almond shaped building with just one additional support.  When viewed from 

the East, this provides the illusion of a truly floating roof.  The roof also bears many similarities to Calatrava’s earlier 

Auditorium in Tenerife (completed 2003).  The outermost shells are decorated with trencadís  (see Montjuic Communications 

Tower) while the inner surfaces are finished in fine white concrete.

Sitting alongside the Opera House are both El Museu de les Ciènces Príncipe Felipe and L’Hemisfèric.  L’Hemisfèric is 

remarkable for its opening façade that allows  the degree of shading within the building to be varied.  The Science Museum 

has  a uniquely organic design, and forms a sort of ‘back bone’ to the entire site.  Both of these structures are investigated in 

more detail in many publications, including Calatrava by Philip Jodidio (published by Taschen).
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l’oceanogràfic (2002)

The marine complex, which is  the largest of its kind in Europe, is divided into ten areas that represent all of the world’s main 

marine ecosystems.  The 110,000m2 complex is  home to some 500 different species, and requires 42Ml of filtered sea water 

to fill all of its pools.  Much of the park is underground,  and the circulation routes incorporate some of the longest glass 

tunnels in Europe.  The complex includes two shells, designed by Felix Candela and completed posthumously.  

The first,  the access building, is triangular on plan and each face has a 26m tall glass façade.  The 

second shell, which encloses a large restaurant, appears to be rather complex but is in fact a series of 

intersecting hyperparaboloids.  The shell is  very thin, working efficiently in membrane action.  The 

advantage of this design is  that it can be set out using only straight lines,  greatly simplifying the 

construction process (as shown left).

The shell was cast in-situ on a large wooden formwork and the boarding pattern remains imprinted on the underside of the 

shell.  As is true of many shell  structures, construction photographs taken before the installation of the glazing system show 

how thin the shell is in relation to its enclosed area, an effect that is sadly now lost.

Hypar shells generate large forces normal to their edges under self-weight which cannot be carried by the thin shell (which 

has  little stiffness in the normal direction).  Prior to Candela, the usual solution was to provide a thick edge beam to carry the 

normal forces down to the supports.  By determining that the normal forces  are generated by an outwards deflection of the 

groins which pushes against the saddles, Candela was able to do away with edge beams.  Instead, he provides a stiff 

reinforced concrete V-beam along each of the groins to reduce their deflection and thus all but eliminate the normal forces, 

as shown in the diagram opposite (see also http://tinyurl.com/msze09).

At the supports, the V-beams meet sculpted concrete blocks, whose shape emphasises the lateral thrust from the shell.  

Only nominal reinforcement is used in the shell proper, where it helps  resist cracking under thermal loading.  Non-linear finite 

element (NLFE) modelling of the very similar Xochimilco shell (see http://tinyurl.com/ncpaev)  has  shown that both 

compressive and tensile stresses in the shell are low, and any excess tensile stress is easily carried by the nominal 

reinforcement.
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el puente de l’assut de l’or (2009) [formerly known as both the Puente de Serrería and the Puente del Grao]

The City of Arts and Sciences,  coupled with a new Formula 1 racetrack, has led to renewed commercial development in 

Valencia.  Redevelopment has been extensive over the past five years (as shown below)  and El Puente de l’Assut de l’Or 

provides  a vital link between two new shopping complexes.  The bridge,  which provides two 3-lane carriageways, spans 

180m and has a 125m tall mast, is Calatrava’s newest bridge in Valencia.

Opera house under construction

November 2001

New buildings to the North-East

April 2005

Construction of Bridge and the Agora

September 2007

September 2004

Site clearance for new 
shopping complex

The bridge sits alongside the  Agora, which itself is  the newest building within the City of Arts  and Science complex and was 

also designed by Calatrava.  The bridge has attracted some criticism from locals, partly because it bares a close 

resemblance to a jamonero,  the Spanish kitchen utensil used to hold a leg of ham safely whilst cutting it, but also because of 

its high cost (estimated at €35M, some 11% over budget).

The Agora is another interesting structure and can be seen in the photos opposite (under construction,  just one month 

before its  opening).  The movable roof covers a total of 5,000m2, and the venue is designed to host the Valencia 500 Open 

Tennis Tournament.
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additional visits

principe felipe science museum

Address:

Structure type:

Completed:

Engineer:

Architect:

City of Arts and Science

Concrete frame

2000

Santiago Calatrava

-

Notes: This 40,000m2 museum is the backbone of the 
City of Arts and Science, and provides a year 
round tourist attraction.  Located between the 
Agora and L’Hemisferic, it is a complex building in 
form and layout.  Construction took five years, at a 
cost of ~€150M.

The museum houses a replica of Foucault’s 
pendulum.

americas cup pavilion

Address:

Structure type:

Completed:

Engineer:

Architect:

Plaza de la Aduana

Concrete frame

2006

Boma

David Chipperfield

Notes: Completed for the America’s Cup in 2007, this 
pavilion acts as a centre piece for the newly 
redeveloped port in Valencia.

The building provides some 10,000m2 floor area, 
60% of which is outdoor.  The stacked horizontal 
planes create viewing decks, with a maximum 
cantilever of 15m.
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4.4.seville

puente del alamillo (1992)

Calatrava’s bridge for the 1992 World Exposition crosses the Guadalquivir River in a unique manner.  Ostensibly a cable 

stayed bridge, its single span without back stays  make it a unique design.  The bridge has a clear span of 186m, and the 

pylon rises some 141m above the Sevillian skyline.

A ‘conventional’  cable stayed design might consist of two decks of similar span to minimise bending moments in the pylon.  

Unequal spans require decks of equal weight, but this is hard to achieve and so stay cables are typically anchored to the 

ground to take the variation in forces under pattern loading.  It is sensible to then provide an inclined pylon, and this  results in 

a reduction in the backstay force and a proportional increase in the axial load carried by the pylon.

Calatrava’s design replaces the stay cables with the weight of the pylon, thereby requiring the pylon and its foundations to 

have significant moment capacity.  The funicular load case, where the pylon takes only axial load, corresponds approximately 

to a loading condition of dead weight plus 50% of the maximum live load.  This is a logical position to take, since it ensures 

that under full live loading the bending moment in the pylon is equal and opposite to that experienced under zero live 

loading.

The requirement to carry moments  led to a large and expensive foundation beneath the pylon, while on the opposite bank a 

much smaller foundation was needed.  The pylon foundation is capable of carrying bending moments on both axes, with the 

transverse moments resulting from torsion in the bridge deck and wind loading on the pylon itself.

Original plans proposed a continuous cantilever method of construction, but time constraints  led to a less  elegant method.  

The deck was completed on temporary supports, and the pylon was installed to its fifth segment before the first cable was 

installed.  For more information, including design calculations,  please read the Author’s own paper on this bridge, available 

from http://tinyurl.com/lf8ftr. 

 61/106

56 o - No Maps 2.pdf   71 31/01/2010   18:33



Unequal Spans

• Ideal to have backspan weight equal to mainspan weight.

• Difficult ratio to achieve, therefore is usual to anchor to ground.

•

€ 

1
2
wmainLmain

2
=
1
2
wbackLback

2

wback

wmain

=
Lmain
Lback

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

2

Skewed pylon

• Reduced backstay tension (T2) and backspan compression (C2)

• Increased compression in the pylon (C1)

• Reduces forces from cables ⊥ to pylon

Alamillo

• Weight of the pylon (Wp) replaces backstay cables

• Moments at the base are considerable (M1)

Lmain Lback

wmain wback

C1

C2

T2T1

C1

C2

T2T1

T1 Wp

M1

Bridges

A cable stayed bridge (fan) Suspension bridge

Some possible variations:

vs

56 o - No Maps 2.pdf   72 31/01/2010   18:33



Octavio Frias de Oliveira bridge, 
São Paulo.  Two curved decks 
supported by an X-Shaped 

concrete pylon.  Ideal for future  
investigation.
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5.germany

5.1.introduction
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Within Germany the following cities were visited:

• Dortmund

• Berlin

• Stuttgart

• Mannheim

the happold trust travel scholarship 2009 63/106
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5.2.dortmund

dortmund opera house (1966)

This  thin shell  structure still serves as the principle opera house in Dortmund.  A design competition was held in 1955 and 

construction began in 1956.  Although construction lasted just three years, the hall was not opened for public use until 1966.  

The hall has a capacity of 1170, and hosts theatre, opera, ballet and music performances in its main hall.

The prestressed shell,  which is triangular in plan, has a side span of approximately 55m, a rise of 16.90m and covers  nearly 

1800m2.  The 85mm thick shell spans between three concrete arches, all of which are 700mm wide and vary in depth from 

100mm at the apex to 140mm at the support.   The three supports are also identical, and allow for rotation of the shell under 

thermal expansion or loading.  The boundary arches are scribed from a circle with a diameter of 62.36m, and the entire 

design was modelled at 1:40 scale before being statically tested by the design team.  Mathematical analysis of the shell was 

undertaken by Karl Wüst.  The shell is covered in triangular copper plates, which give it its unique colouring.

The figure below shows a numerical process for the form finding of a triangular-plan shell using a rectangular sheet of fabric,  

and is based on work by Dr. Chris Williams at the University of Bath (see http://tinyurl.com/yj3578n).
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5.3.berlin

berlin hauptbahnhof (2006)

The Berlin Hauptbahnhof project began after the reunification of Germany, when it became necessary to reunify the transport 

networks of East and West Berlin.  In 1992 an architectural competition was held, subsequently won by Gerkan, Marg & 

Partner, for the design of a new station in Berlin.   The foundation stone of this project was laid in 1998, and the station 

opened in May 2006.

The station is a masterpiece of transport planning - some 1100 trains on 14 platforms over 5 levels call at the station every 

day, carrying well over 300,000 passengers between them.  The complex station design can be considered as three 

elements  - the east-west lines, the passenger building (which intersects the lines obliquely), and two office blocks  which rise 

above the site.

The scale of this project is such that only two aspects of its design and construction are to be investigated here:
✤ Tower block construction method;
✤ Roof and façade systems.

towers

Above the roof and main station building sit two 46m high tower blocks.  These towers span over the east-west lines to 

enclose the whole station.  To achieve this, the central segment of each tower block was constructed in two pieces, one 

either side of the east-west lines below.  Upon completion of the lower concourse and façade systems, the two halves were 

lowered into position in a similar motion to a bascule bridge as shown below and overleaf.  This remarkable process is, 

unfortunately, not reversible and the structure is now fixed in position.

pin

lift

guide
credit DeutscheBahn1 2
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3 4

pin

lift

guide
credit DeutscheBahn

glass

Whilst the structure itself is  fantastic, it is the cable net roof and façade that has proved to be most successful.  The barrel 

roof has long been a favourite of railway engineers, including Brunel’s at London Paddington.  The 321m long roof at Berlin 

Hbf varies in span from 59 to 68m, but has  a constant rise of 16m.  Its  unique curving shape on plan ensures that no two 

pieces of glass  are the same shape, necessitating the use of computer aided design, manufacture and installation 

techniques.

Given the complex geometry, and difficulties  associated with installing large amounts of glass at height,  it is interesting to 

note that the roof was completed in just four months.
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sony centre (2000)

The Sony Centre is located in Potsdamer Platz, central Berlin.  Potsdamer Platz was nearly entirely flattened during WWII, 

and subsequently became part of the no-mans land surrounding the Berlin Wall.  Its  redevelopment is  perhaps  one of the 

largest projects to be undertaken in a major European city in recent decades, covering some 60ha.  The Sony Centre covers 

just one part of this redevelopment,  and houses  a cinema, shops and restaurants, as well as an internal square covered by a 

magnificent roof.

The project competition was won by Helmut Jahn, whose design included all the buildings shown below.  The central 

‘spoke’ supports  the fabric and glass  structure, and is itself tied back to the compression truss  which runs around the 

perimeter of the courtyard.  This  truss is supported in discrete locations, and in some cases spans over the top of existing 

buildings.

6.Deutsche Bahn

5.Cinema

2.Office block

1.Sony HQ

4.Residences

3.Office block

Roof

1

2

3
4

5 6
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additional visits

the british embassy

Address:

Structure type:

Completed:

Engineer:

Architect:

70 Wilhelmstrasse

-

July 2000

Boll und Partner

Michael Wilford and Partners

Notes: Original public areas (library, café, restaurant) are 
now closed.

It remains the only embassy in Germany to have 
been built under a PFI scheme.

The original British embassy building was built in 
1868.  Bombed by the allies during WWII it was 
demolished in 1950, and remained vacant until 
after the reunification of Germany.

peter behrens hall

Address:

Structure type:

Completed:

Engineer:

Architect:

Hussitenstraße 26-31

Steel frame

1912

Unknown

P. Behrens

Notes: A less famous structure than Behrens’ turbine hall 
(also in Berlin), this factory building follows his 
design principles by showing the structure on the 
outside.

The original hall was 33m wide, 137m long and 
24m high.  This was subsequently extended by 
180m.

It is now owned and operated by the Technical 
University of Berlin Institute of Civil Engineering as 
a structures laboratory.
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“Never before has a suspended roof been constructed with such an expensive and clumsy structure”
Frei Otto commenting on the Haus der Kulturen der Welt in 1956 (http://tinyurl.com/kl4yx5) 
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haus der kulturen der welt

Address:

Structure type:

Completed:

Engineer:

Architect:

Tiergarten

RC Shell

1957

F. Severud

H. Stubbins (USA)

Notes: Built in a year, the shell was originally part of 
Interbau 1957.  It was then given to Germany by 
the US Government.

The shell partially collapsed in May 1980.  Poor 
construction in 1956 had led to ‘corrosion induced 
fractures in the roof tendons’.

It was subsequently rebuilt to Stubbins’ original 
design (with only two supports) from 1982-1989.  
It was repaired again in 2006-07.

More information http://tinyurl.com/nmqvtg 

The Engineer, F. Severud, is also famous for the 
Dorton Arena (Raleigh Arena), a cable suspended 
membrane structure in North Carolina, USA.

berlin cathedral

Address:

Structure type:

Completed:

Engineer:

Architect:

Museum Island, Coelln

Church

1451-1993

-

Martin Böhme (1717), Johann Boumann the Elder (1747-1750), Karl Friedrich Schinkel (1817 and 
1820-1822), Julius and Otto Raschdorff, (1894-1905)

Notes: Having never been the seat of a Catholic Bishop, 
this is not actually a cathedral but an evangelical 
church.
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5.4.stuttgart

television tower

The Stuttgart Fernsehturm was the world’s first reinforced concrete TV tower when it was completed in 1956.  Rising some 

217m above ground level, its design (by Professor Fritz Leonhardt) has  been copied and developed ever since.  His original 

idea of a high level restaurant and observation deck within the tower has proved successful and nearly every new tower 

includes such an attraction.

Located in the hills  to the south of Stuttgart, its observation deck provides excellent views across Germany.  A live webcam 

can be viewed here:

✤ http://www.fernsehturm-stuttgart.de/webcam.html 

Subsequent developments have led to ever taller towers, with the current record held by the Guangzhou TV & Sightseeing 

Tower in China, at 610m (2001ft).  An abridged history of concrete tower heights is illustrated below:

19
56

19
67

19
76

20
10

200

400

600
the first RC 

tower
prestressed 

shaft, rotating 
restaurant.

hollow 
hexagonal 
shaft, steel 
structure 

above

concrete core, 
elliptical 

hyperboloid 
external lattice

Stuttgart TV Tower Ostankino Tower, 
Moscow, Russia

CN Tower, Toronto, 
Canada

Guangzhou TV Tower, 
Guangzhou, China

shaft, rotating shaft, rotating 

217m 610m553m540m
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ILEK (institut für leichtbau entwerfen und konstruieren)

The Institute for Lightweight Structures and Conceptual Design was formed by Werner Sobek in 2001, bringing together the 

two schools (Lightweight Structures and Concrete Structures) at the University of Stuttgart for the first time.  The Lightweight 

Structures  chair was  first held by Frei Otto; and the Concrete Structures chair has been held by both Fritz Leonhardt and 

Jorg Schlaich.

A visit to ILEK is highly recommended, if only to see one of Frei Otto’s structures,  inside which the ILEK team work.  In 1967 

Frei Otto and Rolf Gutbrod won a design competition for the West German Pavilion at ‘Expo 67 in Canada (also famous for 

Richard Buckminster Fuller’s USA Pavilion, now known as the Montreal Biosphere).  

GERMANYGERMANY USA UK

The radical cable net design had very little precedence at the time, and so a full scale prototype was constructed using the 

same grid and cable dimensions as were found in the final Pavilion.   The structure was designed using a mix of hanging 

models and bubble films, both innovative techniques.   The bubble film models in particular required the construction of a 

special machine in which a relative humidity of 100% could be maintained for long enough to take photographs of the film, 

from which dimensions  could subsequently be taken.  The method also allowed for the introduction of openings, and led to 

the ‘teardrop’ shape openings seen in both structures.

Construction is achieved by fixing the ground supports (a mixture of concrete blocks  and soil anchors) before raising the 

central pylon.  Prestress in the cables is achieved not by tensioning from the supports,  but by simply jacking the pylon up.  

The original structure had a membrane roof suspended from the cable net,  as is seen in the West German Pavilion.  This 

was, therefore, truly lightweight construction and allowed the entire tent to be deconstructed by simply lowering the central 

mast and de-tensioning the cables.  Indeed, the entire structure was moved and reassembled in its current position in just 

one day, and stills  from an ILEK video of the move are shown on the following page.  After the move,  the original fabric 

membrane roof was replaced with a more hard wearing insulated timber construction.
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Installation of the perimeter glazing also posed a challenge, as deflections along the edge cables are incompatible with a 

traditional glazing system.  Instead, the mullions are tensioned to such an extent that it is only under snow loading that they 

begin to carry moderate amounts of compression.  Any vertical load on the roof therefore simply acts to relieve some of the 

tension in the mullions, negating buckling concerns and allowing a very slender design.

Inside the tent, a small mezzanine level is  also protected by German Heritage.  The structure uses some very beautiful 

connections and beam details in a style that greatly adds to the architecture of the tent above.  On the outside, the supports 

are similarly expressive and provide a simple explanation to the flow of forces around the structure.

structural glass

Recent developments in glass and interlayer technology have made structural use of glass a real possibility, beyond simple 

glass floor panels.   There are some obvious architectural advantages to using glass as  structure, although connection 

detailing remains a difficulty.  Avoiding stress concentrations is perhaps the primary objective when using glass, thus making 

bolted joints less  than ideal.  However, success has been seen,  most famously in Apple stores across the world (all  of which 

are by Eckersley O’Callaghan Engineers), where the thermal coefficient of expansion of glass is matched by using either 

stainless steel or titanium connections.

At ILEK, previous research has included glass arches  and domes (left).  Two arches were constructed, one of which was 

purposefully destroyed by the ILEK team.  Slides (below left) show that it withstood quite a battering, illustrating that 

toughened and laminated glass is  remarkable resilient to attack.  The glass dome has stood for a number of years, and has 

been exposed to all sorts of loading, including asymmetric snow, without any problems developing.
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New materials may be very strong, but not very stiff.  Active 
structures are one of the research areas at ILEK.

In a passive railway bridge, deflections are often a governing 
design consideration.

The supports in this proposed active bridge are able to move as 
shown.

As the train crosses the bridge, the far support rotates to keep 
the track level at the position of the train.

Support A then rotates to keep the centre of the bridge level.

Whilst Support B returns to its original position as the train 
crosses over it.

When superimposed over one another, deck deflections may be 
quite large.  A new type of track would be required to allow this.

However, the train stays level for the 
entire journey.

Active structures

A B

A B
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Active bridge support at ILEK
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additional visits

mercedes benz museum

Address:

Structure type:

Completed:

Engineer:

Architect:

Mercedesstrasse 100

RC Frame

2006

Werner Sobek

UNStudio

Notes: A complex floor plan and an interlocking double 
helix route through the museum make this a 
complex structure.

Individual floors span up to 30m, and the slanted 
façade combined with the sloping floors resulted 
in a different length and angle for each of the 
perimeter columns.

The high quality of construction is visible both in 
the exposed internal concrete and the aluminium 
and glass external skin.

porsche museum

Address:

Structure type:

Completed:

Engineer:

Architect:

Porscheplatz

RC Frame

2008

Leonhardt, Andrä und Partner

Delugan Meissl

Notes: A smaller (but more expensive) building than that 
of Mercedes Benz, the Porsche Museum holds 
around 80 vehicles.

The museum is separated from the basement by 
three RC cores, providing an additional open air 
exhibition platform.

The museum sits in what is essentially just a steel 
frame, but the construction photographs are quite 
incredible.
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mannheim

multihalle 

The Mannheim Multihalle was the world’s first timber gridshell,  designed by Frei Otto and Ted Happold, and was constructed 

in 1975 for the  Bundesgartenschau,  a biannual horticultural show in Germany.   Gridshells gain strength from their double 

curvature, and through membrane action are far more efficient that a structure which relies  on bending strength.  Timber 

gridshells remain relatively uncommon, although recent structures such as the Savill  Garden and Weald and Downland 

Museum have proved to be very popular both with the public and the architectural press.

The basic principal of a shell structure is that it utilises membrane action, meaning that applied loads are principally carried 

by in-plane stresses on the surface, as opposed to bending and twisting moments applied normal to it.   If the bending and 

twisting moments  applied to a segment of shell are zero, then the associated normal shear forces are also zero.   With their 

high efficiency, shells allow a much thinner structural section to be used, greatly reducing material requirements; a gridshell is 

essentially the equivalent to a solid shell with holes  cut into it.  The form is created by laying long laths of timber in a regular 

pattern, which can then be moulded into the desired shape by simply raising and lowering particular points before bracing is 

added to stiffen and fix the shell in position.

The construction of such a shell can be carried out in two ways.  The first, as was seen in Mannheim, is to lay a grid of laths 

on the ground, and push them up into the required form.  The second, perhaps safer, method which was used on the Weald 

and Downland Museum (see http://tinyurl.com/p4p4e7) is to lower the laths using special demountable formwork that is 

progressively removed to form the desired shape.

The design and construction techniques used in this shell are presented and explained in incredible detail in Ted Happold’s 

own paper, Timber Lattice Roof for the Mannheim Bundesgartenschau, available from http://tinyurl.com/n3s9wk (IStructE 

membership required).  A further paper by the author on the design and construction of the Savill Garden Gridshell can be 

downloaded from http://tinyurl.com/mbpldn.

Rather sadly, the Multihalle gridshell is  little used today, housing only a small café.  When visited in July 2009, there appeared 

to have been some attempts to stabilise or repair the shell, although the nature of the damage that led to these repairs was 

unclear.
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6.switzerland

6.1.introduction
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(PPP, 2008)

4,840 km
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Within Switzerland the following cities were visited:

• Bern

• Basel

the happold trust travel scholarship 2009 87/106
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6.2.bern

tennishalle grenchen ag (1978)

Heinz Isler (b.26/07/26, d.20/06/09) left a legacy of over 1,000 shell structures  across Europe.  The first of the three that 

were visited was his roof for the Tennis club in Grenchen,  a small town in the district of Solothurn.  Isler’s work is both 

innovative and economical and he showed that shell structures can be used in a variety of forms.  

It is  worth considering that before Isler, most of the world’s thin shells were constructed in forms that could easily be 

described mathematically (spheres,  cones and hypars)  as this allowed forces to be determined by hand quite simply.  Isler’s 

work led him to develop three methods for the design of shells, which he presented to the first congress of the International 

Association for Shell Structures  (IASS) in 1959.  In the audience were both the founder of the IASS, Eduardo Torroja, and 

Ove Arup.

His first method, the use of earth mounds, is perhaps impractical.  The second, using inflated rubber membranes,  and third, 

using hanging cloths, both provide forms in pure tension that are easily transposed into concrete structures in pure 

compression.  The inflated membrane technique was later developed into the ‘bubble dome’ that was used extensively in 

industrial buildings with central spans of up to 60m.  With the hanging cloth method, there was no limit to the forms that 

could be designed, illustrating the advantages of scale model making.

The development of Heinz Isler’s work is investigated by John Chilton as  part of the series  The Engineer’s  Contribution  to 

Contemporary Architecture (pub. Thomas Telford).  Including interviews and calculations from Isler, it is well worth reading.

The shell at Grenchen came about from a hanging fabric model and has been replicated in no less  than eleven other towns 

in Switzerland.  The shell is made of six rectangular modules, each measuring 17.75m x 48m with a concrete thickness of 

between 90 and 100mm.  The span is  achieved without thick edge beams, thus giving the shell a very elegant and 

lightweight appearance.  The problems of rectangular shells (which tend to want to act like arches  and thus have less two 

way spanning action than would be found in a square shell, leading to an increase in compressive force in the long direction) 

was solved through the extensive use of hanging model prototypes and a degree of prestress in the shell.
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heilig-geist-kirche, lommiswil (1967)

The Church of the Holy Spirit in Lommiswil was designed by Heinz Isler in conjunction with architect Roland Hanselmann.  A 

varying height external wall wraps around the church, over which a hypar shell is  placed.  The external walls are formed from 

precast concrete planks, cast against timber offcuts to give a rough texture, and placed vertically.   Internally, panelling is 

used to provide a suitable acoustic for the church

A hypar shell, in general, will  have compression in the hogging direction and tension in the sagging direction.  Isler, preferring 

to keep the concrete solely in compression, again uses prestress in the shell to prevent it going into tension.  This is 

achieved by fixing the shell to the external walls, which then act as a stiffening ring.  Prestressing cables are anchored to the 

top of the walls and run across the shell as shown by the dotted lines on the plan sketched opposite.

Fixing the shell to the external walls  has the slight disadvantage that the walls now interact with the shell, and a physical 

model was load tested prior to construction to ensure satisfactory behaviour.  The monolithic construction also means that 

differential thermal expansion between the walls and the shell is  now an issue, and horizontal shear in the walls caused by 

the shell pushing outwards has led to some diagonal cracking.  Rather than constantly repair the cracks, Isler specifically 

requested they be left in place, saying:

‘...they are innocent - it  is  just a slab, a vertical wall that always  carries  its  load if it can  take bending and this  shear 

force does it no harm’.
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wyss garden centre (1962)

The Wyss Garden Centre in Solothurn is  home to Heinz Isler’s first ‘free form’ shell.  The design at Solothurn is not based on 

a hanging model, and Isler knew, from testing, that the concrete would be put into tension in some areas.  The resulting 

cracking is one reason why this shell is painted white (unlike his later shells, which are unpainted).

In his later shells, derived from hanging models, an upturned lip is often present along the free edge to stiffen the shell.   The 

precursor to this is seen here.  Considering that the shell itself is  only 70mm thick, some form of edge stiffening was 

required,  but an edge beam with the required stiffness might have been 10 times thicker than the surrounding shell, thereby 

ruining the architecture.  Therefore, Isler included a 60mm thick stiffening cantilever, placed normal to the shell surface.  The 

cantilever is 3.5m wide at the centre and spans some 24m, but without a hanging model its form was derived using a purely 

geometrical approach.

Isler was also concerned by the presence of glazing in his shells, and worked to develop post-tensioned glazing systems 

that allowed very slender mullions to be used.  Not only this, but the façade profile is not straight but curved on plan, 

providing additional horizontal bending stiffness to resist wind loading.  At Wyss, the glazing system is so light that vibration 

was considered to be a potential problem.  Provision was made to allow cable ties to be installed across each façade, but 

they have never been required.

The Wyss Garden Centre shell is relatively small, reaching a height of 5m, and covering approximately 400m2, but shows the 

direction in which Isler was to take his later works, culminating perhaps in the shells for the Kilcher Factory at Recherswil 

(1965) and the Bürgi Garden Centre at Camorino (1973).
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6.3.basel

salginatobel (1930)

Located around 180km southeast of Basel, Salginatobel bridge, designed by Robert Maillart, is the thirteenth structure and 

first concrete bridge to be designated as an International Historic Civil Engineering Landmark.  The bridge represents  a high 

point in reinforced concrete design and is one of the most beautiful structures visited on this tour.   Structurally,  the bridge is a 

simple three-hinged hollow concrete box girder arch bridge, supporting a single track deck on reinforced concrete leaf 

pillars.  

Maillart’s later bridges at Schwandbach (1933) and Vessy (1937) both take elements from the design of Salginatobel.  At 

Schwandbach, a much thinner arch is stiffened by the deck above.  At Vessy, a wider roadway led to the use of three parallel 

hollow box sections.

The bridge was constructed entirely on falsework, which itself was  quite spectacular and is sketched below right.  Some 

salient dimensions of this wonderful bridge are also shown, taken from Maillart’s original  drawings.  Salginatobel was the last 

stop on my trip and made an extraordinary end to a fantastic trip.  In the following sections, comments regarding travel, the 

environment and high speed trains are made before some general conclusions are drawn.

1 2 3

90m

90m

arch

deck

2-2 3-3

web

arch

1-1

Adapted from historic 
photographs
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7.travel

7.1.hostels

A wide range of hostels were visited, the vast majority of which offered a very comfortable stay as evidence by the 

photographs opposite.  The average cost per night was €22.

7.2.costs

The trip costs  are summarised below - accommodation of course being the major expenditure.  It is  also worth noting that 

an ‘InterRail’  pass provides considerable cost savings when compared to buying individual train tickets, as shown below 

right.

InterRail Ticket 18% Accommodation 31%

Camera 15% Flights 7%

Travel 5% Misc. 8%

Average cost of a high speed ticket €70

Trains taken 17

Total >€1000

InterRail Pass cost €400

Saving ~€600

7.3.history

The following double page presents a timeline of all the structures visited.  The majority of the structures were built in the late 

twentieth century, and again the Pantheon stands out as a remarkable achievement in terms of longevity,  attraction and 

structural innovation. 

the happold trust travel scholarship 2009 99/106
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8.summary

8.1.conclusions

The Happold Trust Travel Scholarship has allowed me to investigate many aspects of structural engineering that I find 

fascinating.  The photographs, sketches and notes taken during the trip will undoubtably prove useful in the future, and the 

entire experience has greatly widened my knowledge and appreciation of structural innovation in Europe.  This book 

provides  only a brief introduction to some of the more interesting structures visited and I have endeavoured to provide 

additional references wherever possible, thereby allowing the reader to investigate that innovation further.  Whilst a large 

number of buildings were documented during my travels, there remains plenty of opportunity for further study on this  topic, 

both within Europe and further afield.

Additional information, references and photographs can be found at http://b09.jjo20.co.uk.

8.2.ideas for future projects

Below are listed a number of ideas for future projects that build on some of the innovations investigated in this book.

The work of Eladio Dieste - a tour of Uruguay, where much of his 

work is to be found, to investigate his  beautiful and innovative 

structures.   Dieste’s extensive use of timbrel vaults, thin shells, 

brickwork and prestressing led to some wonderful structures.

Engineering New York City - founded in 1624, NYC is  the most populous area in America, and the third most populous in 

the world.  The challenges of rapid population growth are interesting, and their is a wealth of high-rise technology to be 

investigated.  In addition, it is home to many works by Rafael Guastavino.

Physical modelling - a visit to Frei Otto’s model store in Germany, to see how his  structures were designed.  Comparisons 

could then be drawn between physical modelling and modern computer methods (dynamic relaxation or parametric 

modelling for example).  Which provides the optimum design?

Anderson, S., 2004.  Eladio Dieste - Innovation in Structural 
Art. New York: Princeton Architectural Press.
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8.3.image credits

All images are the property of the author, except for the following:

PagePage Image source/©

1 Contents Planetary Visions Ltd.  Courtesy Kevin M Tildsley

14 British Embassy Isometric Ted Happold

24 Palazzo del Lavorro ‘Francois’. http://tinyurl.com/n9g6ch 

34 Millau Viaduct, Construction Photos ‘Arzan’.  http://tinyurl.com/knksea 

42 Pompidou Centre, construction photos Michael Dickson, Buro Happold

~ Various, Aerial Photographs Bing Maps, available from http://www.bing.com/maps/

~ Various, Satellite Photographs Google Maps, available from http://maps.google.co.uk/

110 Conclusions  NASA Earth Observatory.  http://tinyurl.com/m85x8o

113-127 City Maps Google Maps, available from http://maps.google.co.uk/

128-129 Earth’s city lights NASA - http://tinyurl.com/o2odvm
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