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SHELL STRUCTURES
Shell structures are constructed systems described by three-dimensional 
curved  surfaces, in which one dimension is significantly smaller 
compared to the other two. They are form-passive and resist external 
loads predominantly through membrane stresses.

(Adriaenssens, Block, Veenendaal, and Williams, 2014)

CHAPTER THREE: WHAT IS A SHELL?   23

construction of the Pantheon in Rome, is an arche-
typal shell, is hemispherical, featuring an oculus at the 
top, and is included in our definition of the term ‘shell’.

3.1 How do shells work?

Shells use all the modes of structural action available 
to beams, struts, arches, cables and plates, plus another 
mode that we might call ‘shell action’, which we will 
now try to pin down.

Structural elements that approximate to linear 
elements (i.e. with one dimension greater than the 
other two such as beams, arches and cables) or to 
surfaces (i.e. with one dimension smaller than the 
other two such as plates and shells) all share the same 
property: they are much easier to bend than to stretch. 
We use the word ‘stretch’ to mean change in length, 
possibly getting shorter, a ‘negative stretch’.

Clearly a cable will stretch when we apply a tension 
to it. A column will undergo a negative stretch when 
we apply a compression to it. But if we apply more 
load, it will buckle and get shorter through bending, 
rather than axial strain.

A parabolic arch or cable can carry a uniform 
vertical load per unit horizontal length using only 
axial compression or tension. The component of load 
perpendicular to the cable is balanced by the axial 
force multiplied by the curvature. Thus load in kNm-1 
is balanced by a force in kN multiplied by the 
curvature in m-1. Note that curvature is defined as 
1/radius of curvature.

Other loads will cause bending moments in the 
arch or deflection of the cable. The arch-bending 
moment is the product of the thrust and its eccen-
tricity from the axis.

3.1.1 Flat plates and plane stress

In order to understand curved arches, we first learn 
about straight beams. Similarly, to understand shells, 
we first need to think about something simpler. We 
could start with arches and go from curved lines to 
curved surfaces. Or we could start with plates and go 
from flat surfaces to curved surfaces. Both approaches 
can be helpful, but let us start with plates.

A flat plate can be loaded by forces in its own plane 
(Fig. 3.4) or out of plane (Fig. 3.5). The term ‘plane 

stress’ is used for in-plane loading and it appears in 
all sorts of situations; for example, the bending of an 
I-beam. Clearly the beam is loaded perpendicular to 
its axis, but most of the stress in the web and flanges 
are in the plane of the steel plates. Out of plane 
loading of a plate or slab produces plate bending and, 
as we have already noted, it is much easier to bend a 
plate than to stretch it.

In Figure 3.4 we have introduced the components 
of membrane stress: normal stress in the x-direction  

x , normal stress in the y-direction y , shear stress 
perpendicular to the x-direction in the y-direction 

xy  and shear stress perpendicular to the y-direction 
in the x-direction yx . In-plane membrane stress is a 
central concept in shell theory and corresponds to the 
axial stress in an arch – as opposed to the bending 
stress. Membrane stress is usually quoted as a force 
per unit length crossing an imaginary cut, rather than 
force per unit area. Equilibrium of moments about the 
normal tells us that xy  = yx .
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Figure 3.4 Plane stress

The shear stresses xy  and yx  are in the plane of the 
plate. We also get shear stress perpendicular to the 
plate due to plate bending. These are not labelled in 
Figure 3.5 because the notation for plate bending is 
rather confusing.

Thus for plane stress we have three unknown 
stresses,  x ,  y  and xy  = yx . We have two equations of 
equilibrium

  
∂ x ___ ∂x   +   

∂ yx ____ ∂y   = qx

   
∂ xy ____ ∂x   +   

∂ y ___ ∂y   = qy (3.1)
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SAGRADA FAMILIA
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DESIGN

- Antoni Gaudi
- Inspiration from Nature
- Still not finished
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- Dome 40m
- 4 Towers of 135m
- 1 Tower of 172,5m
- Construction started 1880

SHELLS
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TWA FLIGHT CENTER
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INTERIOR
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- Eero Saarinen
- Thickest 100 cm
- 24 meter cantilever
- 4 Columns
- Covers 71.000 m2

CONSTRUCTION
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DEITINGEN SERVICE STATION
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- Heinz Isler
- 26 m x 31 m
- 3 supports
- Center few centimeters thick

DEITINGEN SERVICE STATION
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OCEANOGRAFIC
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- Felix Candela
- Span 35.5 m 
- Dimensions: 47 x 47 m
- Thickness 6 cm

DESIGN
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CONSTRUCTION

- Exstensive Scaffolding
- Manual Formwork
- 01-12-2001 till 01-12-2003
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DISADVANTAGES
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SHELLS
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DISADVANTAGES
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PROBLEM STATEMENT
Shell structures are rarely used because they are labour 

intensive and therefore very expensive to make.

- Scaffolding is time consumming
- On-site pouring of concrete leads to long drying period
- Handbuilding the formwork is very time-consumming
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SOLUTION
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PREFAB SHELL STRUCTURES
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SEGMENTING
- Force optimizing
- Construction optimizing
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PRODUCTION
- Manual formwork
- Adaptable formwork
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CONNECTION
- Direct stiffness, strength and stability
- Simple building
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CONSTRUCTION
- No/little scaffolding
- Direct stiffness, strength and stability
- Fast building sequence
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WHY CONNECTION?
- Segmenting > Computational
- Production already possible/researched
- Construction and Connection are intertwined
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RESEARCH QUESTION
What is the influence of making a monolithic shell 

structure into a prefabricated segmented
shell structure with a dry/wet connection?

- How does the connections influence strength?
- How does the connections influence stiffness?
- How does the change in strength and stiffness influence the stability?
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METHODOLOGY
- Case Study (Oceanografic Valencia)
- Divide the Shell
- Design knot
- Test/Analys knot
- Improve design
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DESIGN BRIEF
Connection:
- Direct stiffness, strength and stability
- Fast placement/construction
- Deal with tolerance of concrete
- Decrease building time
 - No concrete pouring on site
 - As little scaffolding as possible 
- Has the same deflection compared to monolithic 
shell
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DESIGN
- Design knot
- Drawings
- Digital model
- Knot Peter Eigenraam
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DESIGN CHOICES
- Bolted
- Welded
- Tension
- Cast
- Form
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BOLTED
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fib Bulletin 43: Structural connections for precast concrete buildings 21

Fig. 2-28:  Connection between a double-T floor unit and a wall. Connecting reinforcement is placed directly 
there where the compression strut is meant to develop 

Fig. 2-29: Longitudinal connection of a hollow core slab with a wall 

In general strut-and-tie models are valuable tools in understanding the flow of forces within the 
floor and between the floor and the stabilising units and find how tie bars should be arranged and 
anchored so that a safe equilibrium system is obtained.  

θ

a) b)

Copyright fib, all rights reserved. This PDF copy of fib Bulletin 43 is intended for use and/or distribution only within National Member Groups of fib.
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WELDED

fib Bulletin 43: Structural connections for precast concrete buildings 21

Fig. 2-28:  Connection between a double-T floor unit and a wall. Connecting reinforcement is placed directly 
there where the compression strut is meant to develop 

Fig. 2-29: Longitudinal connection of a hollow core slab with a wall 

In general strut-and-tie models are valuable tools in understanding the flow of forces within the 
floor and between the floor and the stabilising units and find how tie bars should be arranged and 
anchored so that a safe equilibrium system is obtained.  

θ

a) b)

Copyright fib, all rights reserved. This PDF copy of fib Bulletin 43 is intended for use and/or distribution only within National Member Groups of fib.
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TENSION
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CAST
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FORM
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PETER EIGENRAAM KNOT
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CONSIDERATIONS
- Wet/Dry
- Demountable/Permanent
- No/Little scaffolding
- Extra Finishing layer?
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PROTOTYPE 
- If possible
- Build the knot (steel and concrete)
- Scale to fit testing machine
- Make a serie
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TESTING
- If prototype
- Four point bending test
- Test force needed for certain 
deflection
- Parallel to Analysis
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ANALYSIS
- Digital model for Finite Element Method Anlaysis
- Analyse force needed for certain deflection
- Parallel to Testing
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COMPARING
- Ditermine the quality of the analysis
- Use analysis for further design
- Compare monolithic shell with segmented shell
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IMPROVING
- Use results to improve the design
- Test the design with Analysis
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RESULT
- A feasible knot
- Analysis 
- Prefabricated shell structures feasible (yes/no)
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PLANNINGPlanning
Event Date
P1 14/11/2017

P2 18/01/2017

P3 29/03/2017 06/04/2017

P4 24/05/2017 01/06/2017

P5 01/06/2017 30/06/2017

Prepare presentation and finish report

Test knot of Peter Eigenraam

Run calculations and Simulations on the design
Design Dry Knot

Start with building the knot

Build the knot
Test the kont
Incorporate the results in the design
Make final design

Defining the "Brief"
Literature Study
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QUESTIONS?


