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Membrane theory of shells
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Timber lattice roof 
for the  Mannheim Bundesgartenschau 
E. Happold, BSc,  CEng,  FIStructE, FICE, FlOB 

W. 1. Liddell, MA, DIC, CEng, MIStructE, MICE 
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Mr. Edmund Happold is the Executive  Partner  of  Structures 3, which 
is  one  of the structural divisions of Ove Arup 8 Partners.  Educated 
at Leeds  Grammar School, Bootham School, York, and Leeds 
University, he worked with Severud,  Elstad and Krueger, New 

first cable roofs worked on with Ove Arup b. Partners  were in 1967, 
York, in the early  days of cable roofs and pneumatic structures.  The 

for the Conference  Centre in Mecca, SaudiArabia. Since then he  has 
been  engaged on many lightweight roof schemes, being a director 
of the Lightweight Structures  Laboratory which Ove Arup 8 
Partners  share with Frei Otto. He  is a corresponding member of 
SFB 64, the German  Government-sponsored grouping of 

Institution representative on the organizing committee for the 
university departments  interested in long span roofs, is the 

Conference on Tension  Structures which held its meetings in 

for Air Supported Structures.  He  is a member of the Council of the 
London in 1974. and is a representative on the BS Code  Committee 

Institution. 

Mr. Ian Liddell joined Ove Arup b. Partners as an  assistant  engineer 
working on the Sydney  Opera  House,  after graduating from 

Imperial College  and  subsequently  spent four years with 
Cambridge in 1960. In 1962 he did  a post-graduate course at 

Holst b. Company Limited as a design  engineer,  estimator and 
site engineer on a cooling tower contract. He returned to Ove 
Arup 8 Partners in 1967 to work with  Mr. Edmund Happold as 
project engineer in charge  of a prestige building in Saudi Arabia, 
and is now an  associate  partner in Structures 3, responsible for a 
number of projects at  home and abroad.  He  is involved in a 
structural design  course at Cambridge University and is a member 

structural adequacy  of buildings". 
of the Institution's ad hoc committee investigating Triteria for the 

Synopsis 
Shells  constructed  by  lifting  a  flat square lattice  into  a  doubly 
curved  shape are a  recent  form  of  construction.  Such  a 
shell  of  four times' greater span  than any previous  examples 
had  to be  completed i n  18 months  for  an  exhibition. 
This  paper  describes the  engineering  design. It attempts to  
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show  how  the loads  were  defined, how  the  structure  was 
modelled  and  tested  both  physically  and  mathematically,  and 
how these  models  were  used to  determine the  construction 
details. The design  process had  to be  evolved to  derive 
sufficient  understanding so that  the  decisions  could  be  made 
by  the  critical dates. 

INTRODUCTION 
Background 

Linear  Arches  or  Ribs. 'Conceive a  cord or chain to  be 
exactly inverted, so that  the  load  applied to  it, unchanged 
in  direction, amount  and  distribution,  shall  act  inwards 
instead  of  outwards; suppose, further, that  the  cord  or 
chain  is  in some manner stayed or stiffened, so as to  enable 
it to  preserve its  figure  and to resist a  thrust; it then 
becomes  a  linear arch, or equilibrated  rib;  and  for  the  pull 
at  each  point  of  the  original  cord  is now substituted  an 
exactly  equal  thrust  along  the  rib  at  the  corresponding 
point.' William  John  MacQuorn Rankine, 1858.' 
Since 1946 Professor Frei Otto  of  Stuttgart  University has 

been  using  hanging  chain  nets to define  possible  structures 
in which,  when inverted, the  self-weight  produces  direct  force 
only2  (Fig 1). Fine chains  cannot  transmit  moment  and  a 
suspended chain  net  can easily be used, provided it is  a shear- 
free mechanism, to  determine  the  statically  most  favourable 
dome shape under  gravity  loading  for  any  continuous 
boundary  condition.  Such  a  direct  force  structure  can 
theoretically  be extremely thin  but  its thickness will be 
determined by  the stiffness required to  withstand  buckling 
and  asymmetrical  loading. 

With  this technique, Professor Otto  was  using  the same 
method  employed  by  the  Spanish architect, Antoni Gaudi, 
at  the  end  of  the  nineteenth ~ e n t u r y . ~  Methods  of  graphical 
analysis were  popular with  the engineers at  that time, and 
Gaudi  developed  their  two-dimensional  modelling  into three 
dimensions  (Fig 2). For the  Guell  Colony  chapel  he made 
wire  models  hung  with  appropriate  weights to  achieve in  
reverse a  logical  structure  which  he  could  amend until it 
satisfied  him  architecturally,(Fig  3(a)  and (b)). This  method 
of visualising  more  complex  forms  gave  him  a  buildable 
sculptural  freedom which  conventional  simulation methods, 
such as drawing,  could never have allowed. 

Professor Otto  went  on to  develop  an  erection  method 
from  the  fact  that  the shape of a  hung  quadrangular  chain  net 
can  be recreated in the  initial shape by a  flexurally  semi-rigid 
lattice  of steel or  wooden  rods in a  uniform mesh provided 
that  the  lattice  is  rotatable  at  the  inter-section  points.  The 
lattice  can  be  prefabricated as an  equal grid, pulled or pushed 
up and  then  fixed  against  collapse by the edge forces. Such 
a  lattice has no in-plane shear stiffness  and  there are differing 
angular  displacements  at  various points, the largest at  the 
diagonal edges and  the smallest near the  principal axes. 
Shear stiffness can, to a  limited extent, be  provided  by  fixing 
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