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Introduction 
This chapter discusses how materials can be formed into 
different structures to support loads and withstand other 
forces. Fairly weak materials can be shaped into surprisingly 
strong structures. 
 
A bridge is an example of an everyday structure. Can you think 
of others? 
 

 
The Samuel Beckett bridge over the river Liffey in Dublin 

 
 

Naturally occurring and 
manufactured structures  
Structures can occur naturally or can be manufactured (man-
made).  
 
Often man-made structures are based on the excellent 
designs found in  nature. For example, the architect Antoni 
Gaudí designed branching columns based on the shape of 
trees. These can be seen in his famous Sagrada Familia church 
in Barcelona, see sagradafamilia.cat. 
 
An everyday example of a man-made item that imitates 
nature’s design is that of a folding umbrella. The folding 
mechanism copies the way in which an insect’s wings open for 
flight and close again when not needed.  
 

 

 

 

Types of structure  
There are five main types of structure: 

• Frame.  
• Shell. 
• Arch.  
• Beam. 
• Box. 

 
 
Frame structures 

These are structures that have a frame or ‘skeleton’ associated 
with them. They may or may not have a cladding or ‘skin’ on 
the outside.  
 
If they have no cladding, they are called open frame 
structures. If they have a cladding, they are referred to as 
closed frame structures.  

 

 
A man-made open frame structure 
 
Examples of frame structures  
Our bodies are natural closed frame structures. A spider’s 
web is a natural open frame structure. 
 

 
A spider’s web – a natural open frame structure 
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Most modern buildings are man-made closed frame 
structures. Their frame is generally made of steel. Their 
cladding consists of the outside walls. These are generally 
made of concrete panels or other types of sheeting. 
 
 
Shell structures  

These structures derive their strength from the contour (or 
shape) into which they have been moulded. They are usually 
lighter than frame structures.  
 
Curves or ridges may be incorporated into a shell structure 
to strengthen it. These are often seen in plastic ridged containers 
used for vegetables or soft fruit. 
 
Examples of shell structures  
The body of a car is a man-made shell structure, with sheet 
metal pressed into the shapes of the various panels and 
welded together. 
 
An egg box is another excellent example of a man-made shell 
structure. It relies upon its shape, i.e. its folds and curves, to 
give it strength and to protect the eggs. The egg box is made 
of thin, light and fairly weak material, yet it is surprisingly 
strong and fit for purpose. 
 
Shell structures exist in nature as well, for example snail 
shells. 

 
Making use of shape to strengthen materials or structures is 
also seen in corrugation. Corrugation is the process of 
shaping a material into a series of parallel ridges. Corrugated 
cardboard or plastic consists of an inner corrugated sheet and 
two outer flat sheets. The centre sheet gives the material its 
strength. Corrugated cardboard is widely used in the 
packaging industry for making boxes. Corrugated metal 
consists of a single ridged sheet with no flat outer sheets. It is 
used for roofing sheds and warehouses, and is much stronger 
than a flat sheet of the same metal. 
 

 
 

Corrugated metal sheet 

 
Examples of both frame and shell structures 
combined  
The chair you are sitting on may be an example of combining 
both a frame structure and a shell structure. There may be a 
tubular steel frame structure that supports a polypropylene 
(plastic) shell structure that in turn supports you. 

 

 
Arch structures  

An arch is a curved structure that spans a gap while 
supporting a significant weight. The arch is a very ancient 
structure, first developed around 2,500 BC. During the Middle  
Ages, the arch became an important structure in cathedral 
building. It can be seen today in doorways and older bridges. 

 
An example of a naturally occurring arch is the arch in the 
foot. This flexible arch allows your feet to support the weight 
of your body. 
 
 
Beam structures  
 
A beam is a long rigid piece of material. It is the simplest way 
of supporting a load across a gap and can often be part of a 
more complex structure. Beams are generally made of wood, 
metal or reinforced concrete. 
 
Beams can have different profiles (shape of their cross-
sections). Steel girders are support beams that are widely 
used in construction. They frequently have an I-beam cross-
section for strength. In buildings, girders are the main 
horizontal support of a structure that supports smaller beams.  
 

 
 
 
I-section beam 
 
 
U-section 
beam 
 
 
Square 
section beam 
 
 
L-section 
beam 
 
T-section 
beam 

 

 
Different beam profiles 
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Scaffolding 
Hollow tubes are used in scaffolding instead of solid ones, as 
they are lighter, cheaper, safer and easier to use. Also, a 
hollow section is less likely to bend than a solid one. 
Scaffolding is typically made from tubular mild steel or 
aluminium. 
 
Cantilevers 
These are beams that are held and supported at one end only. 
Brackets for supporting balconies or shelves, tree branches and 
outstretched arms are all cantilevers. 
 

 
A bracket for a shelf is an example of a cantilever 
 

Bridges 
 A bridge is used to span a gap, for example between the 
banks of a river. A bridge has supports at two ends. The first 
bridges consisted of a wooden beam. Beam bridges have 
limitations to their length so modern bridges are often huge, 
complicated structures. One of the longest bridges in the 
world is the Danyang–Kunshan Grand Bridge in China. It is a 
164.8-kilometre long viaduct on the Beijing–Shanghai High-
Speed Railway. 
 
Columns and pillars 
These are vertical beams, normally designed to support loads 
directly on top, e.g. table legs. 

 

Columns at the Parthenon in Athens, Greece 
 

 

 

Box structures  

The geometry of a box structure is based on a box or 
rectangular shape or shapes. A common example of a box 
structure is a box truss. The box shape is often strengthened 
by adding diagonal or transverse structural elements (bars). 
 

 A box truss showing diagonal and transverse structural elements 
 
Box structures are often used in electricity power pylons, 
large radio antennae and bridge structures. They are widely 
used for supporting overhead signs on Irish motorways. 
 
 

Force  
A force is something that causes an object to change its shape, 
speed or direction of movement. Engines and motors 
generate forces that cause machines or parts of machines to 
move.  The force of gravity pulls everything downwards 
towards the Earth. We call the force that gravity exerts on 
an object, its weight. The mass of an object will be the 
same on the Moon as it is on Earth but it weighs less, 
because gravity on the Moon is weaker. Make sure you 
understand the difference between mass and weight. 
 
Force is measured in newtons (N), after Isaac Newton. 
 
 
Loads  

Structures are built to support or resist a load (weight).  A 
load is a force and is measured in newtons (N). Loads can be 
static (not moving) or dynamic (moving).  
 
Static loads 
Static loads exert a constant amount of force on the structure 
that supports them. An example of a static load is the weight 
of a bridge span upon the bridge supports that hold it up.  
 
Dynamic loads 
The force exerted on a structure by a dynamic load varies, for 
example a truck moving across a bridge span would be 
exerting a dynamic load on the bridge supports. 
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How forces affect structures  
There are five types of force that can act on a structure: 

• Tension . 
• Compression. 
• Shear.  
• Torsion. 
• Bending. 

All of these forces must be taken into account when designing 
structures. This can be difficult and lack of correct design has 
caused structures to collapse. To be safe, most structures are 
designed to withstand greater force than they would be 
expected to bear. 
 
Friction (covered in Chapter 9) is a force that may also act on 
a structure if there are moving surfaces in contact with one 
another. 
 
A structural member is a part of a structure. Every structural 
member is either in tension, compression or is redundant.  
 
 
Tension and compression 

Tension is a stretching or pulling force. If something in tension 
is cut, the two ends will pull apart, e.g. a rope with a weight 
hanging on the end of it is in tension. If it is cut, it will pull 
apart. A coping saw always has its blades in tension. If the blade 
snaps, it will pull apart. 
 
Compression occurs when an object is pressed into less space 
or flattened by pressure. Something bearing a heavy load is 
often in compression. Certain materials under compression 
will shrink. 
 
Redundant member  
A redundant member is a part of a structure that is neither in 
tension nor compression. Redundant members can be 
removed without the structure weakening. A good design has 
no redundant members. 
	  
Ties and struts  
A structural member that is in tension is called a tie. A tie 
helps to keep two objects from spreading or separating. Ties 
are usually thin, e.g. the cross piece on a swing. A structural 
member that is in compression is called a strut. A strut helps 
to keep two objects from getting closer together. Struts are 
usually thick, e.g. pillars.  
 
 
 

 
 

Example from past exam paper 
The image shows a bridge with a tower from which cables 
support the deck of the bridge. This type of bridge is called a 
cable-stayed bridge. (i) Identify the type of force acting on the 
elements A and B of the bridge. (ii) Give one advantage of this 
type of bridge when compared to a traditional arched bridge. 
 

 Cable stayed bridge in Galicia, Spain A 

 
Solution 

 (i) A has the force of gravity acting down on it, as well as 
carrying the weight of the bridge, which is pushing down. 
So A is in compression. It is a strut. 

 
B is a steel cable that holds the weight of the suspended 
bridge. The steel cable is being stretched out. So B is in 
tension. It is a tie. 

 
(ii) Compared to a traditional arched bridge, the cable-stayed 

bridge has two main advantages, it: 

• Can span larger gaps between supports. 
• Requires a lot less material so it is lighter and   

cheaper to make. 

 
Shear  

A shearing force is a tearing or ripping force that causes one 
part of a material to move in the opposite direction to the 
other.  For example a scissors cuts through paper by applying 
a pair of forces to the paper, each force in the opposite 
direction. Cutting or clipping actions create a shear force in 
the material that they are cutting. 
 
 
 

 

 

 

 

B 
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Torsion  
Torsion is the act of twisting a structure. A torsion force 
causes something to twist or turn. It occurs when 
one end of an object is twisted in one direction and the other
end is held motionless or twisted in the opposite direction. 
 

 

Torsion of a solid square bar    

Source: Orion 8, Wikimedia Commons 
 
An everyday example of applying torsion is turning a wrench. 
In the following image, the bolt is held still while the wrench is 
used to turn the nut. 
 

 
Turning a wrench, an everyday example of torsion 
 
Bending  

Forces can bend a structure. For example, a bar bends due to 
the weight of a gymnast swinging on it, or a long narrow shelf 
holding books may bend. In these situations, the upper surface 
is in compression and the lower surface is in tension. 
 

 
 
 

A gymnast causes a high bar to bend while swinging on it 
 

Example from past exam paper 
While the can crusher shown is in use, identify the force 
exerted on each of the following parts: 

• Main arm. 
• Pivot pin. 
• Link arm. 
• Can being crushed. 

 

 
Can crusher 
 

Solution 

Part Force 

Main arm Bending  

Pivot pin Shear 

Link arm Tension 

Can being crushed Compression 
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10.   The Health and Safety Authority (HSA) provides a range of standardised safety signage.  

           For each of the safety signs shown, name the hazard and state where the sign might be used.  

 11.   A number of forces are present when the can crusher shown is in use. 

While the can crusher is in use, identify the force exerted on each of the following parts: 

The main arm   ______________________________________ 

The pivot pin   ______________________________________ 

The link arm    ______________________________________ 

The can being crushed   _______________________________ 

Hazard Hazard Hazard 

  
 

 

Where used Where used Where used 

  
 
 
 

 

link arm 

main arm 

pivot pin 

can 
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Equilibrium  
A lever is a simple machine consisting of a rigid bar that can 
turn or pivot around a fixed point. This point is called the 
fulcrum. Imagine a simple lever, such as a see saw, with the 
fulcrum in the middle. A lever is said to be balanced, or in a 
state of equilibrium if it is not turning but remains level. 
 
We say an object is in stable equilibrium if it is balanced and 
returns to a balanced state when a small force is applied to it. 

An object is said to be in unstable equilibrium if it topples 
over easily when a small force is applied to it. 
 

 
See saw in equilibrium 
 
 

Centre of gravity  
The centre of gravity is the point about which the weight of a 
body seems to be concentrated. The lower it is the more 
stable the object.  
 
 
Examples 

(i) A yacht has a large keel under the water to keep its centre 
of gravity low so that it stays upright in windy weather. 

 

 
Yacht, showing keel under water 

 

(ii) Cars and trucks are designed with their heaviest parts 
close to the ground, to keep their centre of gravity low. 
This means that they can turn a corner at speed more 
safely.  

 
Truck cornering safely 

 
(iii) A body is likely to topple over when a vertical line drawn 

down from its centre of gravity lies outside the base that is 
supporting it. The Leaning Tower of Pisa provides a good 
example of this. It will eventually topple over when the 
vertical line from its centre of gravity falls outside its base. 

 
 The Leaning Tower of Pisa 
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Designing stable structures 
Many structures need to be designed for stability so that they 
will not topple over easily. 

A structure is most stable if: 

• It has a firm foundation. 
• Its centre of gravity is close to the ground. 
• It has a wide support base. 
• It is tapered, i.e. the top is thin and the base is wide. 
• Its structural members distribute forces equally along all 

of its sides. 
• All external factors are taken into account in the design, 

including movement, traffic, waves, weather and other 
natural forces. 

• Its base is heavier than its top. 
• It has multiple support points. 
• It has material reinforced if necessary, e.g. steel is often 

used to reinforce concrete in bridges and buildings. 

 

Strengthening of structures  
Structures often need to be strengthened to prevent 
structural failure, i.e. fracture or deformation due to a 
structure being stressed to its limit. Strengthening may be 
achieved by a number of methods, including adding ties or 
struts, or using triangulation (see next page). 

Example from past exam paper 
In 2010, a group of miners were trapped 700m underground 
in Chile. A hole had to be drilled down to them, to lower 
capsules through, in which the miners could be raised to 
safety. The structure of the rock raised a concern that the 
drilled hole might collapse.  
 

 

Rescue of Chilean Miners 2010  Source BBC 

 

 

 

 

Sequence of events in the rescue of the Chilean miners. Source BBC 
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(i) Describe two dangers associated with underground 
mineral mining. (ii) After seven attempts, a pilot hole was 
drilled to make contact with the miners. What was the 
purpose of drilling the pilot hole? (iii) Propose a design 
modification to the drilled hole to help prevent the collapse of 
its walls. 
 
Solution  

(i) Deep tunnels cut into underlying rock structure are in 
danger of collapsing. Miners can become trapped without 
an escape route or an oxygen source. Pockets of 
dangerous gases can be encountered in the mining 
process. 

(ii) Small pilot holes are drilled to guide larger holes in the 
right direction. They reduce the cutting forces needed to 
drill large holes. In this case, the pilot hole was also used 
to communicate with the group of miners to inform them 
of progress.  

(iii)  Steel rings could be inserted inside the drilled hole at 
regular intervals. These rings would be very strong 
because of the circular shape, and steel is a very strong 
material. As they are constantly pushing outwards they 
would prevent collapse of the circular column. 

 

Triangulation of structures  
In the structural sense, triangulation refers to a technique 
used in frame structures to provide extra strength and 
support.  
 
When a force is applied to a triangular frame, two of its 
members stretch the third one, making it tense. This in turn 
pulls the other two members towards it, making the structure 
rigid and spreading the force between all three members of 
the triangle. 
 
Using triangles in this way to form a frame or part of a frame, 
increases the strength of a structure by making it more rigid. 
  
The shape of a triangle is very resistant to being changed or 
squashed. All other shapes can be squashed more easily. By 
adding to a structure by creating triangles, other shapes 
become stable. This is called triangulation.  
 

 
Triangulation 
 
Triangulation is used in structures such as bicycle frames, shelf 
brackets, house roofs, garden gates, pylons, motorway sign 
supports and many more. Notice the triangulation used in the 
electricity pylon and on the Sydney Harbour Bridge. 
 

  

Triangulation is commonly used to strengthen electricity pylons 

 

Factor of safety (FoS) 
The factor of safety (FoS) of a structure is the ratio of its 
actual loading capability (C) over its required loading (R), 
expressed as a percentage. In other words we need to know 
the maximum load that a structure is actually capable of 
carrying (C) as well as the load that it is required to carry (R). 

 
The load that a structure is capable of carrying is also called 
the design load. 

 
 

Force 
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𝐹𝑎𝑐𝑡𝑜𝑟  𝑜𝑓  𝑠𝑎𝑓𝑒𝑡𝑦   =
𝐶𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦

𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡𝑠
    ×  100% 

 

𝐹𝑜𝑆 =   
𝐶
𝑅  
×  100% 

 
Structures are "over engineered" by adding strengthening 
components to take into account imperfections in materials, 
flaws in assembly, material degradation and uncertainty in load 
estimates. Components whose failure could result in 
substantial financial loss, serious injury or death usually use a 
much higher factor of safety.  
 
A factor of safety of one implies no "over engineering" at all. 
A factor of safety of 3 means the structure is designed and 
manufactured to withstand three times the load that could be 
expected when in use. 
 
 
Example of Sydney Harbour Bridge 

The website of the Board of Studies of the Government of 
New South Wales in Australia explains how factor of safety 
was used in the design of the Sydney Harbour Bridge. The 
website also has excellent resources for students and 
teachers. 
 

	  
Sydney Harbour Bridge  
 
 

Testing of structures  
Before we can calculate a factor of safety, we must test 
structures to assess their actual loading capability.  
 

Two approaches to this are used: 

• Destructive testing. 
• Non-destructive testing (NDT). 

 
 

 

 

 

 

Destructive testing  

As the name suggests, destructive testing involves carrying out 
tests on a structure until it actually fails. In this way it is 
possible to understand how a structure or material will 
behave under different loads.  
 
These tests are generally much easier to carry out, provide 
more information, and are easier to interpret than non-
destructive testing.   
 
However the costs involved in destroying the structure must 
be taken into account.  This means that destructive testing is 
generally only used for testing objects that will be mass-
produced, as the cost of destroying a small number of such 
items is not significant.  
 
Using prototypes for destructive testing 
It is usually not economical to do destructive testing where 
only one or very few items are to be produced, for example, 
in the case of a bridge. In these cases, destructive testing may 
be carried out on a prototype, i.e. a first model from which 
others are copied or developed, or by using simulation 
software. 
 
Examples of destructive testing  
An example of destructive testing is stress testing where 
goods or components are loaded to breaking point. 
Manufacturers of home furnishings regularly test the safety of 
items such as sofa arms in this way. Car manufacturers place 
crash dummies in cars when destructive testing new models. 
 

Non-destructive testing  

Non-destructive testing (NDT) involves testing an object 
without damaging or reducing its future usefulness. Since 
NDT does not change the item being inspected in any way, it 
is a highly valuable technique that can save time and money. 
NDT is commonly used in all branches of engineering. 

Perhaps the most obvious method of NDT for load testing is 
detailed visual inspection. Another method is ultrasonic 
testing. This involves passing short ultrasonic pulse-waves 
through a material or structure to detect internal flaws.  

Example of non-destructive testing 
Search on the Internet to learn how the province of Ontario 
in Canada uses non-destructive testing methods when 
inspecting its bridges. 
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ACTIVITIES 
 
1. Make a square frame and a triangular frame from cardboard. Glue a piece of cardboard to the top and bottom of your frames 

to make it more rigid. Test the strength by putting weights on top of the cardboard. Match up these descriptions with the 
frames. 

a) This frame is very strong when the pressure on it is straight down. If the pressure is from the side, it is weaker and may 
collapse. 

b) This frame is very strong. Many structures and buildings are made up of this type of shape. 
 
 

2. As individuals or pairs, get the following materials: 

• 50 plastic straws 
• 50 straight pins or paper clips 
• 1 metre of sticky tape 
• Scissors, for cutting straws 
• 10 weights (e.g., large washers or small jars filled with sand) 
• Metre stick 

 
What can you build with 50 straws and 50 pins? Explore your ideas.  

Build a bridge from one desk to another.  

a) What weight can the bridge hold?  
b) What's the greatest distance you can span?  
c) What is the strongest bridge you can build between 2 desks?  
d) What is the longest bridge you can build between 2 desks? 

 
Build a cantilever, starting with one straw taped to the wall or table top with strong tape. Other straws may be pinned (or 
fastened with clips) to this straw and may rest against the wall or table top but may not be taped. 

 
e) How far out from the wall or table top can you build the cantilever? 
f) What is the strongest cantilever you can build 45cm out from a wall or table top? 

 
Search for unnecessary straws.  

 
g) What happens if you cut them?  
h) What is the name given to these? 

	  
3. Use the Internet to find out about the life and work of the world-renowned Irish structural engineer, Peter Rice (1935-1992). 

His projects included the Sydney Opera House and the Centre George Pompidou in Paris. 
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REVISION CHECKLIST 
	  
When revising this chapter, make sure you are able to: 
 
• Describe naturally occurring and manufactured structures.  
• Describe, with aid of sketches, arch, shell, frame, beam and box structures. 
• Describe the effects of forces acting on a structure: tension, compression, shear, torsion, bending. 
• Classify struts and ties in a framework; show how structures can be stabilised using triangulation. 
• Explain and show, using an appropriate method, how location of the centre of gravity affects the stability of a structure. 
• Describe how to design a structure for maximum stability. 
• Identify existing structural designs; construct models and test their characteristics. 
• Describe the importance of factor of safety in structural design. 
• Use examples to explain destructive and non-destructive testing. 

 
 
QUESTIONS 
	  
1. Fill in the blanks in the following statements: 
 

a. Structures can occur naturally or can be _______________________. 
b. If a frame structure has cladding, it is called an ____________________ frame structure. 
c. A structure that relies upon the shape into which it has been moulded to give it its strength, is called a _______________ 

structure. 
d. Loads can be ________________ (non-moving) or________________ (moving). 
e. Tension, compression, shear, torsion and bending are all types of __________________. 
f. All these forces must be catered for when ___________________ structures. 
g. An object is in tension if it is being ____________________. 
h. An object is in compression if it is being ___________________. 
i. An everyday item that cuts using shear is a ___________________. 
j. Torsion is a _____________________ force. 
k. If a beam is bent, the top surface is in __________________ and the bottom surface is in __________________. 
l. ____________________________ is a force, which tries to stop one surface sliding against another. 
m. A long rigid piece of wood or metal, used to support a load across a gap, is called a _____________________. 
n. A beam supported at one end only is a __________________________. 
o. A structural member in tension is a ______________________. 
p. A structural member in compression is a ______________________. 
q. The use of triangles, to strengthen a frame, is called _______________________. 
r. A common structure, often across water, is a ______________________. 
s. NDT stands for ____  ______________________  ___________________. 

 
2. Name the five types of structure. 
 
3. What is a box truss? 
 
4. What is meant by equilibrium? 
 
5. What is meant by centre of gravity? 
 
6. What is meant by factor of safety? 
 
7. What does FoS = 1 mean? Give three examples of things that would have a high FoS. 
 
8. Explain the differences between destructive and non-destructive testing. 
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PREVIOUS EXAM QUESTIONS 
1. The forces acting on a structure can be described in terms of tension, compression, shear and torsion. 
 Briefly explain any three of these terms. 
 
  
2. The Mizen Bridge in Co. Cork is built using reinforced 
 concrete. 
 
 (ii) Name a suitable material used to reinforce concrete. 
 (ii) Name a force acting on element A of the bridge.   
 

 
 
   
3. Distinguish clearly between a static load and a dynamic load. Use specific examples to support your answer. 
  

 
4. A manufacturer of children’s playground equipment specified a factor of safety of 5 for the supporting frames of their products.  
 (i) Explain the term ‘factor of safety of 5’. 
 (ii) Outline two reasons for specifying a factor of safety when designing playground equipment. 
 
 
5. Identify the type of structure in each of A and B below. 
                 

 
 

 

A B 
 
 
6. Forces act on structures in various ways. Name (i) the force acting on a strut and (ii) the force acting on a tie. 
 
   
7. A bridge structure, made from solid steel bards of square cross section, 
 has been designed as a prototype. A graphic of the prototype is shown. 
 The point of failure after the structure had underdone destructive testing 
 is highlighted. Explain the following terms:  

 (i) Prototype. 
 (ii) Structural failure. 
 (iii) Destructive test. 
 
 Suggest a modification to the design that would prevent the failure. 

 

 

A 
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8. The graphic shows the simplified outline of the salvage operation of the 
 sunken Costa Concordia ship. Discuss the importance of triangulation in the 
 platform. 
 

 
 
   
9. A hotel elevator has a load carrying capacity of 8 persons (average weight 80 kg). 
 The elevator has a factor of safety of 4. Calculate the design load of the elevator. 

 
 
 
10. The completed housing shown is an example of a shell structure. Explain the 
 term shell structure. 

 
 


