
2.1 Applylng Newton's la ws of motlon 
In the previous section I wrote about the basic idea of force and considered 
two examples of force types: those arising from body deformation and 
from gravity. In studying statics you will, as the name suggests, be looking 
at objects that are stationary. Remember that Newton's First Law of 
Motion says that if an object is at rest, then the forces acting upon it must 
balance. In the simplest case you could imagine this would be because 
there are no forces acting at all, but in practice you can see immediately 
that this would require a zero weight, so it is not going to happen on Earth. 
In studying Statics therefore, we will find ourselves dealing with combi- 
nations of form which are balanced or, to use the formal term, in 
equilibrium. Equilibrium therefore means that the total of the forces acting 
is zero. In order to find out any useful information about those forces 
which are adding up to zero, you need to know how to add forces. 

Force, having magnitude and direction, is a vector and follows the rules of 
vector addition. You have already done some vector addition when adding 
displacements in Unit 2. Later in the Unit I shall be dealing with the 
significance of the particular place on an object at which a force acts, but 
for the present I want to concentrate on cases where the forces all act 
through a single point. The forces are then called concurrent. Remember 
that we have already restricted ourselves to sets of forces acting in one 
plane, so strictly speaking we are dealing with planar concurrent forces. 
The forces acting on a pin in a pin-jointed structure provide a good 

~ d l m  example of this. 

When two or more forces are added together, the combination is called the 
resultant force, often abbreviated to resultant. The resultant is a single 

c m force acting on a body which represents the original set of forces. Consider 
F, F. again a stretched spring (Figure 14). Neglecting the weight, the forces 

acting are equal and opposite ones, with the same line of action. 

The total force acting on the spring, the resultant, is the vector sum of F, 
and F,. 

7 A member in tension pulls inwards on its neighbours, and is reduced 
in length. 

8 Theory tells us the failure load of a structure. 
9 10-S m' is 1 mm3 

An8w.n to n v l s h  exercise 
1 Not necessarily. It depends on the degree of accuracy needed. A good 

model is one that is 'good enough'. 
2 The forces are of equal magnitude but opposite direction. Remember 

that forces have both magnitude and direction. 
3 No. There are others. 
4 No. 0.1 kg is the mass of a typical apple. It would be correct to say: 'A 

typical apple is found by weighing to have a mass of 0.1 kg'. 
5 No. M (mega) is 106 and m (milli) is 10-3. 
6 No. Only within a Limited range. Remember that recognizing limi- 

tations is an important part of analysing structures. 
7 No. It is increased in length. 
8 No. It gives the failure load of the model, which is only an estimate of 

the real failure load. 
9 No. 10-3 m' = 10-3(10' mm)' = 103 mm' 

2 Equilibrium of forces 



The spfing cunsidered as a whole is stationary - it is in equilibrium - so the 
total resultant force acting must be zero. From the point of view of the 
movement of the spring as a whole, it is the resultant which matters (zero 
for a stationary object) and not the way in which the resultant is made up 
from the constituent forces. 

If we are interested in the internal effects on the spring - for example how 
much it stretches or whether it breaks - rather than its overall equilibrium, 
then the resultant is of no use. The forces must be known individually to 
deal with the internal behaviour. The resultant of a set of foras is the 
single force which can replace the set of forces and give the same motion, 
or lack of motion, of the object as a whole. In other words, it gives the same 
external effects. 
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If an object is static, without knowing anything about the various individual 
forces acting on it what can you say about the size of the resultant? 

Figure 15 shows a very simple example of a system in equilibrium. The 
object of mass m has been hung on the spring and carefully released so that 
it is still. Figure 16 shows the object on its own with arrows representing 
the forces acting on it. 

This is called the free-body diagram. Let me emphasize that the forces 
shown on such a diagram are always the ones acting on the body. At first I 
shall draw these; you will be drawing them for yourselllater on in the Unit. 
I have shown the weight as a single force. Really each element of the object 
has its own weight force, but I am only interested ill the total effect of the 
weight. The weight shown is actually the resultant of all the separate little 
weight forces acting on the object. The weight resultant acts through a 
point called the centre of grauity, which is effectively identical to a point 
called the centre of mass. A mathematical definition of centre of mass and 
some discussion of its significance will be given in Block 4, Dynamics. For 
a uniform symmetrical object the centre of mass will lie somewhere along 
the centre-line. Thus for many simple cases you can immediately draw in 
the weight as a single force, equal to the total mass times g, and acting 
through the centre of mass. 

We do know that the object is in equilibrium, so the total of all forces 
acting (the resultant) is zero. The force F, that the spring exerts on the 
object must therefore be equal in magnitude to the weight, acting in 
exactly the opposite directioa From Newton's Third Law, the force 
applied by the object to the lower end of the spring is of magnitude F,, 
directed downwards. The spring must be in tension and therefore be 
elongated, as indeed can be seen to be true. 

Just let me remind you again: Newton's First Law says that for a static 
object the resultant of the forces acting on it is zero, Newton's Third Law 
says that objects exert equal and opposite forces on each other. 

eX8mple 

Figure 17 shows the spring, load and mounting broken down further. F, is 
the force exerted by the spring on the load. What is the magnitude and 
direction of F,, the force exerted by the load on the spring? Is the spring in 
equilibrium? Neglecting the weight of the spring, how is F, (the force of the 
mounting on the spring) related to F,? Finally what is F,, the force exerted 
by the spring on the mounting? 

Figure I S  

I w = r n g = 2 0 ~  
Figure I6 

I rcl -bly 

All these questions can be answered using Newton's First and Third Laws. 
If necessary take several minutes to try to think them through before 1 W-ZON 

reading on. Figure 17 
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Figure 18 

Before giving the answer 1 want to comment on the force notation that I 
intend to use. Because force is a vector both its magnitude and direction 
(remember that direction includes sense) are important. However, it is 
often convenient to refer to a force simply by its magnitude, for example 
F, = 20 N. If I want to emphasize the direction of a force, then I shall use 
the vector notation of putting a bar over the letter representing the force 
and using bold italic type, for example W= 20 N 1. The barred letter will 
always mean a vector, so for F, in Figure 17, F, = 20 N and F, =U) N f. 
The magnitudes of these two forces are equal, so F, = W. However, they 
are in opposite directions, and add up to zero vectorially (equilibrium) so 
F, + W= 0. (Note the bars; this is a vector equation.) Still using vectors, 
F, = -W, which says that F, is the same size as W(F, = W) but is in the 
opposite direction. So, 

W=20N F1=20N 

W=20NJ  F1=2ONf 

Note particularly that a negative sign changes the sense of the vector. 

Solutlon 
Fom F, 
The force exerted by the object on the spring must be equal and opposite 
to the force exerted by the spring on the object, F, = -F, (Newton's Third 
Law); F, = 2 0 N f ,  so F2=20N1 .  

Force F3 
The spring is in equilibrium (static) so the total force on it is zero 
(Newton's First Law). Therefore F, plus F, equals zero (F, +F3 = 0), so 
F, = -F, = 20 N 7. (Remember that I am neglecting the weight of the 
spring.) 

Force F, 
F, is the force exerted by the spring on the mounting. From Newton's 
Third Law it must be equal and opposite to the force exerted by the 
mounting on the spring, F,. So F, = -F3 which means that F, = 20 N 1. 

Now let's go through the example again using only the vector notation. 

w = m g l = 2 0 N J  

F, + W= 0 (equilibrium) 

. . F , = - W = z o ~ r  

F2 = -Fl (Newton's Third Law) 

. . F , = ~ o N J  

F, +F3 = 0 (equilibrium) 

. F3 = -F2 = 20N 

F4 = -F3 (Newton's Third Law) 

F4=20NL 

It is worth commenting that if we had only wanted to know F, it would be 
better to consider the object and spring together (Figure 18). The total 
weight is still W= 20 N 1 (spring weight negligible), so from equilibrium 
F, = 20 N f and from Newton's Third Law, F+ = -F3; so F, = 20 N 1. 
The forces F, and F, are now treated as internal forces, and being equal 
and opposite, have no external effect, and do not appear in the calculation. 



When you are familiar with Statics you will no doubt 'sec' that F, equals 
the weight of the hanging objects in this simple case, but I have tried to 
emphasize the chain of reasoning through equilibrium and the use of 
Newton's Third Law to help you avoid dhliculties later in the course, 
especially in Dynamics (Units 718). 
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Figure 19 shows two springs pulling against each other. The weight of the 
springs is negligible compared with the forces that they exert. 

Spring 1 has a stiRness of 4 kN m-' and its extension (increase in length) is 
measured to be 8 mm. 
(a) Find the tension/comprcs.sion in spring 1. 
(b) Give the magnitudes and directions of the forces. 

I suggest you work in the order F,, F*. F,, F,, F,, F,. 

Remember that, for example, F, represent8 the force exerted by the frame 
on the spring, and F, is the force exerted by the spring on the frame. If 

4 
Newton's Third Law causes you any confusion remember to use the FiWe19 

expression 'the force exerted by A on B' is equal and opposite to 'the force 
exerted by B on A'. Finally remember that tension is the magnitude (size) 
of the forces pulling something apart. 
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Figure 20 shows an object banging in equilibrium from one vertical cable 
with a second cable pulling down on it. 
(a) What other force acts on the object? 
(b) Calculate F,. 
(c) If the upper cable has a safe worLing load of 10 kN, is it safe? 

SA4 11 
Figures 21 and 22 show two loads, supported by a crane. The cable weights 
may be neglected compared with the load weights. FMC m 

a " 
Figure 22 

(a) Find F, to F,, the form exerted by the components on each other. 
(b) If the safe working load of the cable is 4 kN, how many more 

kilograms may be safely added to the load at C? 



Figure 23 

2.2 Vector addltlon of forces 
So far I have been using springs to illustrate how forces are produced by 
structural components. As you saw in Section 1, a bar or rod can be seen as 
a very stiff spring that can exert forces with only very small changes of 
length. From the point of view of static analysis the two 'structures' of 
Figure 23 are in principle no different. If we know that the forces F, and F, 
are both 10 N how can we find the weight, and the mass, of the load? This 
problem is different from those we looked at in Section 2.1 in that the 
forces involved are no longer all vertical. To solve this problem you need 
to be able to add forces that are in quite different directions. The load is in 
equilibrium so the weight plus the resultant of F, and F, must be zero. 
How do we add i; to F,? Forces are vectors. Concurrent forces (forces 
meeting at a point) can be added by using the rules of vector addition that 
you used in the previous Unit for displacements. 

You already know that a series of displacement vectors F , ,  i,, i, and i, 
may be added up to a single vector i as shown in Figure 24. F is the 
resultant displacement - the displacement that results from the individual 
displacement vectors. Resultant forces can be found in a similar way by 
drawing vector diagrams with the length of the lines representing the 
magnitude of the forces. The directions of the forces are represented by the 
directions of the lines. I have used double-headed arrows to indicate 

F i p e  24 resultant vectors. 
If I choose a scale of 5 mm: 1 N then the two 10 N forces will be 
represented by lines 50 mm long in the appropriate directions (Figure 25). 
The resultant can be found by adding the vectors (head to tail). The same 
resultant is found no matter in which order the form are added (Figures 
26 and 27). From the drawing I measure the length of the line representing 
R to be 70.5 mm and so R= 14.1 N t. 

wI86rnrn:1N I 
Figure 25 

I ule6rnrn: l  N 

Figure 26 
1~106rnrn:l  N 

Figure 27 
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(a) What is the resultant of all three forces acting on the load? 
(b) What is the weight of the object? 
(C) What is its mass? 

Figure 28 shows the force vector diagram of all the forces (F,, F,, m 
acting on the load in the previous example. We know that the sum of all 
the forces must be zero because of equilibrium. The last force drawn in 
must therefore end up at the starting point of the first force. If the last force 
does not do this then there is a gap, meaning that there is a resultant, and 
we know that for equilibrium the resultant must be zero. When the Figure 28 

complete circuit occurs, as it can only do and must always do for 
equilibrium, the force polygon (in this case a triangle) is said to 'close'. 

SA0 90 
What is the resultant of W and F, in Figure 291 

Figure 30 is a PJS (pin-joint structure) model of a simple structure, and 
Figure 31 a free-body diagram (FBD) of the load. From experimental 
measurements it is known that F, = 8.16 N 3 30" and F, = ION L 45". 
(a) At a scale of 2 mm : 1 N draw the force vector W, add F,, then add F,. 
(b) What is the resultant of W and F,? 

Figure 29 
(c) What is the resultant of W, F, and F,? 
(d) What must F, be for equilibrium? 
(e) What is the resultant of W, F,, F, and F,? 

Figure 30 

At this point let me give you a reminder on tension and compression. A 
member in tension is stretched so it is longer, the forces acting on it are 
away from each other. In Figure 32, for example, the member is in tension 
and has a force 100 N c  at one end and 100 N-r at the other. Remember 
that the forces shown on a free-body diagram arc the ones acting on the 
member. The tension is the magnitude of the form pulling it apart. Tension 
T = 100 N in this case. To talk about the 'force in a member' is slightly am- 
biguous. There are vector forces acting both ways, so the direction of the 
force cannot be specified in the usual vector way - it can only be said to be 
inwards or outwards. Nevertheless, this slightly improper use of the term 
'force' is convenient when it is not yet known whether a member is in ten- 
sion or wmpression. 

A member in compression is squeezed shorter by forces acting towards 
each other. The wmpression is the magnitude of the forces pushing 
together. In Figure 33 F, = 50 N-r, F, = 50 N c ,  and the compression 
= 50 N. The 'force in the member' is a wmpression of 50 N. 

Figure 32 Tension 

Figure 33 Compression 



Can you suggest a possible meaning for negative tension? Whilst you 
consider this question examine Figure 3 5  which should help you. 

The negative tension suggests that the forces act the other way - inwards 

- F, - F* 
instead of outwards (remember the meaning of a negative vector). If you 
draw the forces reversed the result is Figure 34. This is of c o w  a member 

4 in compression as you can seen by comparison with Figure 33. This is 
Figure 34 Ncgm'm t d o n  equals indeed the meaning attributed to negative tension, and you will h d  it 
m p l e s b h  useful later in the Unit. 

(a) In which directions are the forces exerted on its neighbours by: 
(i) a member in tension, (ii) a member in compression. 

(b) Which of Newton's laws of motion relates the forces which act on a 
static member? 

(C) Which of Newton's laws relates the force exerted by a member on its 
neighbour to the force of the neighbour on the member? 

2.3 Revlslon exemlse 
Comct the following statements where necessary: 
1 A force is completely specified by its magnitude and direction. 
2 The resultant of a set of forces can replace those forces for all purposes. 
3 F, = F, means that two forces are equal. 
4 -F, is a f o m  equal to F, in magnitude, of opposite sense. 
5 A fra-body diagram shows the forces exerted by the body. 
6 If an object is in equilibrium, then the vector sum of all forces acting 

on the object is zero. 
7 Structural members are so stiff that their shape changes are always 

neglected. 
8 The forces exerted by a member in tension on its neighbours are equal 

and opposite, and towards each other. 
9 Newton's Finrt Law relates forces on one object, Newton's Third Law 

relates the forces on two objects. 

Am- b nvhkn ex.rd.. 
1 No. Its point of application is also important (its 'line of action'). 

Remember too that the sense must be part of the specification of 
direction. 

2 No. Only when dealing with external effects and only when the forces 
are concurrent. 

3 Equal in magnitude only. Their direction and sense may be different. 
4 T N ~ .  
5 No. The forces shown are those exerted on the body, which are of 

opposite sense to those exerted by the body. 
6 True. 
7 No, although they are often neglected. 
8 True if its weight is neglected. 
9 Broadly speaking true, although you will sec later in the Unit that it 

depends on how you specify 'the object'. 




