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The Challenge is

to Create Ideas and Technologies

that will lead to Efficient Structures.



FOCUS ON THE GEOMETRY OF STRUCTURES 

AND WHY GEOMETRY MATTERS



Structural systems are essential for efficiency



Geometry is critical to structural systems
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Geometry is the Key to Sustainability
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Efficient structures consume less resources

Carbon on Day One

Source: London Energy Transformation Initiative (LETI) Embodied Carbon Primer 

Superstructure
48%

Substructure
17%

MEP
15%

Façade 
16%

Internal Finishes
4%
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GEOMETRY IS THE INTERSECTION

OF ARCHITECTURE AND STRUCTURE



TERMINOLOGY

TOPOLOGY – SHAPE - SIZE



DOMAIN TOPOLOGY

SHAPE

SIZE

Geometry Terminology for Design
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HOW CAN ONE CREATE 

EFFICIENT STRUCTURAL SYSTEMS? 



BUILD ON EXISTING IDEAS



Othmar Ammann 

Ove Arup

Benjamin Baker

Áine Brazil

Isambard Kingdom Brunel

Santiago Calatrava

Eduardo Catalano

Felix Candela

Jamie Carpenter

Jörg Conzett

Mike Cook

Abraham Darby III 

Eladio Dieste

James Eads 

Janet Echelman

Gustave Eiffel

Aldo Favini 

Ulrich Finsterwalder 

Miguel Fisac

Eugene Freyssinet

Buckminster Fuller 

Antonio Gaudi

Myron Goldsmith

Rafael Guastavino

Edmund Happold

Chuck Hoberman

Tony Hunt

Heinz Isler

Theo Jansen

Mamoru Kawaguchi

Gertrude Kerbis

Fazlur Khan

Martin Knight

Jan Knippers

Ian Liddell

William LeMessurier

Fritz Leonhardt 

Robert LeRicolais

Robert Maillart

Christian Menn

A.G.M. Michell

Marc Mimram

Leon Moissieff

Jean Muller

Sergio Musmeci

Ulrich Müther

Pier Luigi Nervi

Laurent Ney

Isamu Noguchi

Guy Nordenson

Frei Otto

Kate Purver

Mahendra Raj

Julia Ratcliffe

Ron Resch

Peter Rice

John Roebling

Emily Warren Roebling

Les Robertson

José Romo Martín

Mutsuro Sasaki

Jörg Schlaich

Mike Schlaich

Hans Schober

Kenneth Snelson

Werner Sobek

Juan Sobrino

Juri Strasky

Vladimir Suchov

Yoshikatsu Tsuboi

Anton Tedesko

Thomas Telford

Eduardo Torroja 

Michel Virlogeux

Konrad Wachsmann

Jane Wernick

Chris Williams

Chris Wise

Waclaw Zalewski

Notable Structural Designers-Engineers, Architects & Artists



LOOK TO THEORY FOR DESIGN IDEAS



Theory and Behavior
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A FEW GOOD THEORIES



MAXWELL LOAD  PATH THEOREM  

1870



James Clerk Maxwell

1831 - 1879





MAXWELL PROOF 

EXTERNALLY LOADED TRUSS



 
 

Maxwell Load Path Theorem – external loads
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Maxwell Load Path Theorem – external loads
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Maxwell Load Path Theorem – external loads

Every node is in equilibrium
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Every node is in equilibrium

Maxwell Load Path Theorem – external loads

P
i
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Every node is in equilibrium

Maxwell Load Path Theorem – external loads

P
i
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Maxwell Load Path Theorem – external loads

Every node is in equilibrium

P
i
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Maxwell Load Path Theorem – external loads

Every node is in equilibrium

𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑊𝑜𝑟𝑘 = ෍ Ԧ𝑃 ∙ Ԧ𝑟

𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑊𝑜𝑟𝑘 = ෍ 𝐹𝐶𝐿𝐶 − ෍ 𝐹𝑇𝐿𝑇
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Maxwell Load Path Theorem – external loads

Every node is in equilibrium

෍ 𝐹𝐶𝐿𝐶 − ෍ 𝐹𝑇𝐿𝑇 + ෍ Ԧ𝑃 ∙ Ԧ𝑟 = 0
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Maxwell Load Path Theorem – external loads

Every node is in equilibrium

෍ 𝐹𝑇𝐿𝑇 − ෍ 𝐹𝐶 𝐿𝐶 = ෍ Ԧ𝑃 ∙ Ԧ𝑟
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Maxwell Load Path Theorem – external loads

Every node is in equilibrium

෍ 𝐹𝑇𝐿𝑇 − ෍ 𝐹𝐶𝐿𝐶 = ෍ Ԧ𝑃 ∙ Ԧ𝑟 = Maxwell Number
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MAXWELL LOAD PATH THEOREM

CANTILEVER EXAMPLE



Cantilever with 3 to 1 span

Maxwell Load Path Theorem – example

 B

B
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Cantilever with 3 to 1 span

Maxwell Load Path Theorem – example

 B

B
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Cantilever with 3 to 1 span

Maxwell Load Path Theorem – example

 B

B

 
  

  
 

r

Ԧ𝑃 ∙ Ԧ𝑟 = 0
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Cantilever with 3 to 1 span

Maxwell Load Path Theorem – example

 B

B

 

r  

  

  
 

Ԧ𝑃 ∙ Ԧ𝑟 = 0
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Cantilever with 3 to 1 span

Maxwell Load Path Theorem – example

 B

B

 
  

  
 

r

Ԧ𝑃 ∙ Ԧ𝑟 = 0
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Cantilever with 3 to 1 span

Maxwell Load Path Theorem – example

 B

B

 
  

  
 

r

Ԧ𝑃 ∙ Ԧ𝑟 = 𝑃𝐵
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Cantilever with 3 to 1 span

Maxwell Load Path Theorem – example

 B

B

 
  

  
 

෍ Ԧ𝑃 ∙ Ԧ𝑟 = 𝑃𝐵
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Moment diagram truss geometry

Maxwell Load Path Theorem – example

   

 B

B

 
  

  
 

෍ 𝐹𝑇𝐿𝑇 = 10𝑃𝐵

෍ 𝐹𝐶𝐿𝐶 = 9𝑃𝐵

෍ 𝐹𝑇𝐿𝑇 − ෍ 𝐹𝐶𝐿𝐶 = 𝑃𝐵

෍ 𝐹𝑇𝐿𝑇 + ෍ 𝐹𝐶𝐿𝐶 = 𝟏𝟗𝑃𝐵

∆= 𝟏𝟗
𝜎𝐵

𝐸

𝑉 = 𝟏𝟗
𝑃𝐵

𝜎
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Pratt truss:

Maxwell Load Path Theorem – example

B

B

 
  

  
 

  

B

  

෍ 𝐹𝑇𝐿𝑇 = 9𝑃𝐵

෍ 𝐹𝐶𝐿𝐶 = 8𝑃𝐵

෍ 𝐹𝑇𝐿𝑇 − ෍ 𝐹𝐶𝐿𝐶 = 𝑃𝐵

෍ 𝐹𝑇𝐿𝑇 + ෍ 𝐹𝐶𝐿𝐶 = 𝟏𝟕𝑃𝐵

∆= 𝟏𝟕
𝜎𝐵

𝐸

𝑉 = 𝟏𝟕
𝑃𝐵

𝜎
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Warren truss:

Maxwell Load Path Theorem – example

B

B

 
  

  
  B

෍ 𝐹𝑇𝐿𝑇 = 8𝑃𝐵

෍ 𝐹𝐶𝐿𝐶 = 7𝑃𝐵

෍ 𝐹𝑇𝐿𝑇 − ෍ 𝐹𝐶𝐿𝐶 = 𝑃𝐵

෍ 𝐹𝑇𝐿𝑇 + ෍ 𝐹𝐶𝐿𝐶 = 𝟏𝟓𝑃𝐵

∆= 𝟏𝟓
𝜎𝐵

𝐸

𝑉 = 𝟏𝟓
𝑃𝐵

𝜎
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The most material efficient truss is also the stiffest one!

Maxwell Load Path Theorem – example

Truss

Tensile

Load Path

Compressive 

Load Path

Difference in 

Load Paths

Sum of Load 

Paths
Deflection 

෍ 𝐹𝑇 𝐿𝑇 ෍ 𝐹𝐶 𝐿𝐶 ෍ 𝐹𝑇 𝐿𝑇 − ෍ 𝐹𝐶 𝐿𝐶 ෍ 𝐹𝑇 𝐿𝑇 + ෍ 𝐹𝐶 𝐿𝐶 

Moment diagram 10PB 9PB PB 19PB 19 B/E

Pratt 9PB 8PB PB 17PB 17 B/E

Warren 8PB 7PB PB 15PB 15 B/E
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Can we find a benchmark for our design?



How low can we go?

Maxwell Load Path Theorem – Discrete Michell Truss Example 1

 B

B

 
  

  
 

෍ 𝐹𝑇𝐿𝑇 + ෍ 𝐹𝐶𝐿𝐶 = 𝟏𝟑. 𝟗𝟐𝑃𝐵

෍ 𝐹𝑇𝐿𝑇 = 7.46𝑃𝐵

෍ 𝐹𝐶 𝐿𝐶 = 6.46𝑃𝐵

෍ 𝐹𝑇𝐿𝑇 − ෍ 𝐹𝐶𝐿𝐶 = 𝑃𝐵 ∆= 𝟏𝟑. 𝟗𝟐
𝜎𝐵

𝐸

𝑉 = 𝟏𝟑. 𝟗𝟐
𝑃𝐵

𝜎
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How low can we go?

Maxwell Load Path Theorem – Discrete Michell Truss Example 2

 B

B

 
  

  
 

෍ 𝐹𝑇𝐿𝑇 + ෍ 𝐹𝐶𝐿𝐶 = 𝟏𝟑. 𝟏𝟕𝑃𝐵

෍ 𝐹𝑇𝐿𝑇 = 7.08𝑃𝐵

෍ 𝐹𝐶 𝐿𝐶 = 6.08𝑃𝐵

෍ 𝐹𝑇𝐿𝑇 − ෍ 𝐹𝐶𝐿𝐶 = 𝑃𝐵 ∆= 𝟏𝟑. 𝟏7
𝜎𝐵

𝐸

𝑉 = 𝟏𝟑. 𝟏𝟕
𝑃𝐵

𝜎
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Other solutions

Maxwell Load Path Theorem – Discrete Michell Truss Example 3

 B

B

 
  

  
 

෍ 𝐹𝑇𝐿𝑇 + ෍ 𝐹𝐶𝐿𝐶 = 𝟏𝟔. 𝟎𝟒𝑃𝐵

෍ 𝐹𝑇𝐿𝑇 = 8.52𝑃𝐵

෍ 𝐹𝐶 𝐿𝐶 = 7.52𝑃𝐵

෍ 𝐹𝑇𝐿𝑇 − ෍ 𝐹𝐶𝐿𝐶 = 𝑃𝐵 ∆= 𝟏𝟔. 𝟎𝟒
𝜎𝐵

𝐸

𝑉 = 𝟏𝟔. 𝟎𝟒
𝑃𝐵

𝜎
© SOM



B

B

 
  

  
  B B

B

 
  

  
 

Most optimum truss:    

Maxwell Load Path Theorem – example

෍ 𝐹𝑇𝐿𝑇 + ෍ 𝐹𝐶𝐿𝐶 = 𝟏𝟑. 𝟏𝟕𝑃𝐵

Within 14% of the benchmark

෍ 𝐹𝑇𝐿𝑇 + ෍ 𝐹𝐶𝐿𝐶 = 𝟏𝟓𝑃𝐵

Benchmark Load Path

Warren truss:   

© SOM



B

B

 
  

  
  B B

B

 
  

  
 

Maxwell Load Path Theorem – Equal deflection

𝑉1 = 19
𝑃𝐵

𝜎1
; 𝜎1 =

∆1𝐸

19𝐵

moment diagram truss geometry warren truss geometry

𝑖𝑓 ∆1= ∆2  ֜ 
𝑉1

𝑉2
=

19

15

2

= 𝟏𝟔𝟎%

𝑉2 = 15
𝑃𝐵

𝜎2
; 𝜎2 =

∆2𝐸

15𝐵

𝑉1 = 19
𝑃𝐵

∆1𝐸
19𝐵

= 192
𝑃𝐵2

∆1𝐸
𝑉2 = 15

𝑃𝐵

∆2𝐸
15𝐵

= 152
𝑃𝐵2

∆2𝐸

∆1= 19
𝜎1𝐵

𝐸

∆2= 15
𝜎2𝐵

𝐸

© SOM



Image by © Richard Waite Photography

SOM – London Exchange House



Exchange House, London

SOM – London Exchange House
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GRAPHIC STATICS

1864



James Clerk Maxwell

1831 - 1879



Maxwell – April 1864



Maxwell – April 1864



GRAPHIC STATICS

AS A DESIGN TOOL



Form Diagram Force Diagram

Graphic Statics

© SOM



DESIGN THE FORCES WITH

GRAPHIC STATICS



Form Diagram Force Diagram

How can we make the force in the top chord constant?

Graphic Statics

Modify the force diagram and work backwards!

© SOM



Form Diagram Force Diagram

How can we make the force in the top chord constant?

Graphic Statics

Modify the force diagram and work backwards!

© SOM



Lines a-1, b-3, c-5, d-

6, e-8 and f-10 must 

be the same length

Form Diagram Force Diagram

How can we make the force in the top chord constant?

Graphic Statics

Modify the force diagram and work backwards!

© SOM



Form Diagram Force Diagram

How can we make the force in the top chord constant?

Graphic Statics

Directions of bottom chord members are defined by connecting point in the force 

diagram.
© SOM



Form Diagram Force Diagram

How can we make the force in the top chord constant?

Graphic Statics

Directions of bottom chord members are defined by connecting point in the force 

diagram. Diagonal web member 2-3 is made a zero force member.
© SOM



Form Diagram Force Diagram

How can we make the force in the top chord constant?

Graphic Statics

Directions of bottom chord members are defined by connecting point in the force 

diagram. Diagonal web member 4-5 is made a zero force member.
© SOM



Form Diagram Force Diagram

How can we make the force in the top chord constant?

Graphic Statics

Directions of bottom chord members are defined by connecting point in the force 

diagram. Diagonal web member 6-7 is made a zero force member.
© SOM



Form Diagram Force Diagram

How can we make the force in the top chord constant?

Graphic Statics

Directions of bottom chord members are defined by connecting point in the force 

diagram. Diagonal web member 8-9 is made a zero force member.
© SOM



Form Diagram Force Diagram

How can we make the force in the top chord constant?

Graphic Statics

Directions of bottom chord members are defined by connecting point in the force 

diagram.
© SOM



Form Diagram Force Diagram

How can we make the force in the top chord constant?

Graphic Statics

Vertical web members remain vertical

© SOM



Form Diagram Force Diagram

How can we make the force in the top chord constant?

Graphic Statics

Diagonal web members are zero-force.

© SOM



Constant-force gable truss

Magazzini Generali Warehouse
Robert Maillart, 1924

© SOM



Graphics Statics

SHAPE

© SOM



How can we make the force constant in the top and bottom 

chords?

Modify the force diagram and work backwards!

Graphic Statics

Form Diagram Force Diagram

Lines must be the 

same length!

© SOM



How can we make the force constant in the top and bottom 

chords?

Modify the force diagram and work backwards!

Graphic Statics

Form Diagram Force Diagram

© SOM



How can we make the force constant in the top and bottom 

chords?

Modify the force diagram and work backwards!

Graphic Statics

Form Diagram Force Diagram

© SOM



FROM GRAPHIC STATICS TO 

AIRY STRESS FUNCTION

1864 1870



James Clerk Maxwell

1831 - 1879



Key Concept from Maxwell
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DESIGN OF GRIDSHELLS 



BRITISH MUSEUM GREAT COURT ROOF

FOSTER + PARTNERS, BURO HAPPOLD,
WAAGNER BIRO, PROF CHRIS JK WILLIAMS



© SOM



BASIC QUESTION:

CAN WE GET BEYOND ONE OF OUR 

GREATEST LIMITATIONS?



THERE IS ONLY ONE 

CHRIS WILLIAMS



2D PROJECTION OF A 

3D EQUILIBRIUM
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IASS – AMSTERDAM 2015© SOM



Plan layout spanning axially with abutments

© SOM



Plan layout spanning axially with prestressed ring

© SOM



TIMOSHENKO’S AND  UCHER’S 

PLATES AND SHELLS



…although Pucher 

discovered the theory



Shell Equation



Shell Equation

𝜕2𝜙

𝜕𝑦2

𝜕2𝑧

𝜕𝑥2 − 2
𝜕2𝜙

𝜕𝑥𝜕𝑦

𝜕2𝑧

𝜕𝑥𝜕𝑦
+

𝜕2𝜙

𝜕𝑥2

𝜕2𝑧

𝜕𝑦2 = 𝐹′

Timoshenko or Pucher shell equation

© SOM



DESIGNING AN AIRY STRESS 

FUNCTION



Simple Triangulated Gridshell

Form diagram Note that it is 

triangulated so that it can 

thrust into the corners.

© SOM



Simple Triangulated Gridshell

Form diagram

Negative Gaussian 

curvature at the corner 

causes tension.
© SOM



Simple Triangulated Gridshell

Form diagram

© SOM



Triangulated Gridshells

One can obtain a good initial geometry using an 

analogy with the Biot-Savart law. 

𝜙 =
𝐶

σ
cos 𝛼 + cos 𝛽

𝑅

© SOM



Simple Triangulated Gridshell

Form diagram

Good engineering 

properties – little tension 

and uniform forces.
© SOM



Simple Triangulated Gridshell

Form diagram

Remember, the roof and Airy stress function can be swapped!

© SOM



AMERICAN INSTITUTE OF

STEEL CONSTRUCTION

ENGINEERING JOURNAL

3RD QUARTER 2015



Thank You

© SOM
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