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UNIT ONE

Text Introduction to Mechanics of Materials

[1] Mechanics of materials is a branch of applied mechanics that deals with the behavior of
solid bodies subjected to various types of loading. It is a field of study that is known by a vari-
ety of names, including“strength of materials” and “mechanics of deformable bodies. ” The
solid bodies considered in this book include axially-loaded bars, shafts, beams, and columns,
as well as structures that are assemblies of these components. Usually the objective of our anal-
ysis will be the determination of the stresses, strains, and deformations produced by the loads:
if these quantities can be found for all values of load up ro the failure load, then we will have
obtained a complete picture of the mechanical behavior of the body.

[2] Theoretical analyses and experimental results have equally important roles in the study
of mechanics of materials. On many occasions we will make logical derivations to obtain formu-
las and equations for predicting mechanical behavior, but at the same time we must recognize
that these formulas cannot be used in a realistic way unless certain properties of the material are
known. These properties are available to us only after suitable experiments have been made in
the laboratory. Also, many problems of importance in engineering can not be handled effi-
ciently by theoretical means,and experimental measurements become a practical necessity. The
historical development of mechanics of materials is a fascinating blend of both theory and ex-
periment, with experiments pointing the way to useful results in some instances and with theo-
ry doing so in others. ¥ Such famous men as l.eonardo da Vinci (1452—1519) and Galileo
Galilei (1564—1642) made experiments to determine the strength of wires, bars, and beams,
although they did not develop any adequate t‘heories(by today’s standards ) to explain their
test results. By contrast, the famous mathematician Leonhard Euler (1707—1783) developed
the mathematical theory of columns and calculated the critical load of a column in 1744, long
before any experimental evidence existed to show the significance of his results. Thus, Euler’s
theoretical results remained unused for many vears, although today they form the basis of col-
umn theory.

[3]  The importance of combining theoretical derivations with experimentally determined
properties of materials will be evident as we proceed with our study of the subject. In this arti-
cle we will begin by discussing some fundamental concepts, such as stress and strain, and then
we will investigate the behavior of simple structural elements subjected to tension, compres-
sion, and shear. ‘

[4] The concepts of stress and strain can be illustrated in an elementary way by considering
the extension of a prismatic bar (see Figl-1a). A prismatic bar is one that has constant cross
section throughout its length and a straight axis. In this illustration rhe bar is assumed to be

loaded at its ends by axial forces I’ that produce a uniform stretching. or tension, of the bar.

I



By making an artificial cut (section mm) through the bar at right angle to its axis, we can iso-
late part of the bar as a free body (Fig. 1-1b). At the right -hand end the tensile force P is ap-
olied, and at the other there are forces representing the action of the removed portion of the
bar upon the part that remains. These forces will be continucusly distributed over the cross
section, analogous to the continuous distribution of hydrostatic pressure over a submerged sur-
face. The intensity of force, that is, the force per unit area, is called the stress and is com-
monly denoted by the Greek letter o . Assuming that the stress has a uniform distribution over
the cross section(see Fig. 1-1b), we can readily see that its resultant is equal to the intensity ¢
zimes the cross-sectional area A of the bar. Furthermore, from the equilibrium of the body
shown in Fig. 1-1b, we can also see that this resultant must be equal in magnitude and opposite
in direction to the force P. Hence, we obtain as the equation for the uniform stress in a pris-
matic bar. This equation shows that stress has units of force divided by area— for example,
pounds per square inch(psi) or kips per square inch(ksi). When the bar is being stretched by
the force P, as shown in the figure, the resulting stress is a tensile stress; if the forces are re-

versed in direction, causing the bar to be compressed, they are called compressive stresses.

m
P et l §4

m
L [

{a)

- ———
ib)
Fig. 1-1 Prismatic bar in tension
1)

[5] A necessary condition for Eq. (1-1) to be valid is that the stress ¢ must be uniform over
the cross section of the bar®. This condition will be realized if the axial force P acts through
the centroid of the cross section, as can be demonstrated by staticsv. ® When the load P does not
act at the centroid, bending of the bar will result, and a more complicated analysis is neces-
sary. Throughout this book, however, it is assumed that all axial forces are applied at the cen-
troid of the cross section unless specifically stated to the contrary. Also, unless stated other-
wise,? it is generally assumed that the weight of the object itself is neglected, as was done

when discussing the bar in Fig. 1-1.

Y
[z}
o

i The total elongation of a bar carrying an axial force will be denoted by the Greek letter

d(see Fig. 1-1a), and the elongation per unit length, or strain, is then determined by the e-

quation

€= T (1-2>



where L is the total length of the bar. ® Note that the strain € is a nondimensional quantity.
[t can be obtained accurately from Eq. (1-2) as long as the strain is uniform throughout the

length of the bar. If the bar is in tension, the strain is a tensile strain,representing an elonga-

tion or stretching of the material;if the bar is in compression , the strain is a compressive strain,

which means that adjacent cross sections of the bar move closer to one another.

New Words and Expressions

(be) subjected to
deformable * [di'fo:mabl]
axially * ['aksisli ]

shaft * [ [a:ft]

derivation * [,deri'veifon]
realistic * [ria'listik ]
fascinate * ['faesineit |

blend[ blend ]

prismatic[ priz'meetik ]
tensile * [ 'tensail ]

sectional * ['sekJonal ]
hydrostatic * [ 'haidrou'staetik ]
analogous * [ a'nzeloges ]
analogous to
submerged[sab'ma:dzd]]
uniform ['ju:nifo:m ]

denote * [di'naut ]
equilibrium * [ i:kwi'libriom]
resultant * [ri'zaltant ]
magnitude[ 'maegnitju:d ]
equation =Eq. [i'kweifan]
kip(kip]

tensile[ 'tensail ]

compressive * [ kam'presiv ]
centroid{ 'sentroid ]
specifically [ spi'sifikoli ]
elongation * [i:loy'geifon]
nondimensional[ 'nandi'nen fonal ]

adjacent * [ a'dzeisant |
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Exercises

Reading Comprehension

1. Choose the most suitable alternative to complete the following sentences.
1. The objective of our analysis will be the determination of the stresses, strains and defor-
mations produced _
A. with the stretching
B. in the tension
C. by the loads

D. on the equation

[

- Galilei made experiments to determine the strength of wires,bars,and beams, although he
A. advanced a new theory
B. did not develop any adequate theories
C. developed any theory of experiments
D). calculated the critical load
3. A prismatic bar is one that
A. has constant cross section only
B. we can isolate part of the bar as a free body
C. has constant cross section throughout its length and a straight axis
D. has a straight axis
t. A necessary condition for equation to be valid is that
A. the experiment must be uniform over the bar
B. the strain must be uniform throughout the bar

_. the stress must be uniform over the cross section of the bar



D. the equilibrium must be over the cross section of the bar
5.1t can be obtained from Eq. (1-2)as longas
A. the load is uniform across the whole bar
B. the distribution has been done throughout the length of the bar
C. the strain is uniform throughout the length of the bar
D. the axial force has been done across the whole bar
I1. From the list below choose the most appropriate headings for each of the paragraphs in the
text,then put the paragraph numbers in the brackets.
A. The importance of the derivation and experiment
B. The illustration of the concepts of stress and strain
C. The importance of theoretical analyses and experimental results
D. The illustration of useful condition for Eq(1-2) to be valid

E. The definition of mechanics of materials and the range of study

e N e NIV N e T
N N N N

F. The stress is a necessary condition for Eq. (1-1)to be valid
111. Complete the following sentences with the information given in the text.
L. The solid bodies considered in this book include ~ as well as
2. These properties are only after suitable experiments.
3. We will begin by discussing some fundamental concepts.such as L
4. This condition will be realized if the centroid of the cross section. as

5. If the bar is in tension, the strain is » if the bar is in compression, the

strain is
Vocabulary

1. Choose the word or expression which is the most similar in meaning to the word underlined

in the given sentence.

1. A compressive strain means that adjacent cross sections of the bar move closer to one an-
other.
A. closing B. bordering C. adjoining D. resembling

2.In algebra, the sign *X” usually denotes an unknown quantity.
A. symbolizes B. indicates C. expresses D. implies

3. These properties are available to us only after suitable experiments have been made in the
laboratory.
A. qualities B. features C. quantities D. attributes

1. The historical development of mechanics of materials is a fascinating blend of both theory
and experiment.
A. drawing B. attractive C. familiar D. charming

5. These forces will be analogous to the continuous distribution of hydrostatic pressure over a

b



submerged surface.
A. alike B. like (. similar D. parallel

[[. Match the words in Column A with their corresponding definitions or explanations in Col-

umn B.
A B
1. resultant a. state of being balanced
2. elongation b. next(to),lying near(10) but not necessarily tcuching

. deriving or being derived; origin

9]

3. adjacent

L d. as the total outcome of forces or tendencies from different di-
4. equilibrium ]
rections

. the part (of a line etc. ) produced by making longer

@

5. derivation
f. turn in another direction
g- statement of how a word was formed and how it changed

h. must be met with rinimum expenditure of a given material

Reading Material A

Shear Center

Consider a beam whose cross section is a channel,Fig. 1-2(a). The walls of this channel
are assumed to be so thin that all computations may be based on the dimensions to the center
line of the walls. Bending of this channel takes place around the horizontal axis and although
thus cross section does not have a vertical axis of symmetry, it will be assumed that the bending
stresses are given by the usual flexure formula. Assuming further that this channel resists a
vertical shear, the bending moments will vary from one section through the beam to
another, ©

By taking an arbitrary cut as c-c in Fig. 1-2(«¢) . ¢ and t may be found in the usual man-
ner. Along the horizontal legs of the channel, these quantities vary linearly from the free edge,
mst as they do for one side of the flange in an I-beam. @ The variation of q and r is parabolic a-
iong the web. The variation of these quantities is shown in F ig. 1-2 (4) where they are plotted
along the center line of the channel’s section.

The average shearing stress 7,/2 multiplied by the area of the flange gives a force F L=

1r./2)b  t, and the sum of the vertical shearing stresses over the area of the web is the shear

Fh/2
Vs j —n;z Tvdy. These shearing forces acting in the plane of the cross section are shown in
Fig. 1-2(¢) and indicate that a force V and a couple F,A are developed at the section through
the channel. ¥ Physically there is a tendency for the channel to twist around some longitudinal
axis. To prevent twisting and thus maintain the applicability of the initially assumed bending

3



stress distribution. the externally applied forces must be applied in such a manner as to balance
the internal couple F,h. For example, consider the segment of a cantilever beam of negligible
weight. to which a vertical force I is applied parallel to the web at a distance e from the web’
s center line. To maintain this applied force in equilibrium, an equal and opposite shearing

force V must be developed in the web.

Ty Or 4y
re
“ %‘Lm [Fyp——
v — o
h . =5 S

\f
‘

— ]

-t I

(a) (ks

Fig. 12 Deriving the location of the shear center for a channel
Likewise. to cause no twisting of the channel, the couple Pe must equal the couple. Fih. At
the same section through the channel, the bending moment PL, is resisted by the usual flexural
stresses (these are not shown in the figure).

An expression for the distance e. locating the plane in which the force P must be applied
s0 as to cause no twist in the channel, may now be obtained. Thus, remembering that F A=
Peand P =V,

L Fh _/D)nbth _6hVQ _bthVer(h/2) _bh%

b P Top It T 2p Ir T 4l

Note that the distance e is independent of the magnitude of the applied force P, as well as
of its location along the beam. ¥ The distance e is a property of a section and is measured out-
ward from the center of the web to the applied force.

A similar investigation may be made to locate the plane in which the horizontal forces
must be applied so as to cause no twist in the channel. However, for the channel considered,
by virtue of symmetry, it may be seen that this plane coincides with the neutral plane of the
former case. The intersection of these two mutually perpendicular planes with the plane of the
cross section locates a point which is called the shear center. The shear center is designated by
the letter O in Fig. 1-2(¢). The shear center for any cross section lies on a longitudinal line
parallel to the axis of the beam. Any transverse force applied through the shear center causes
no torsion of the beam. ® A detailed investigation of rhis problem shows that when a member
of any cross-sectional area is twisted ,the twist takes place around the shear center, which re-
mains fixed. For this reason, the shear center is sometimes called the center of twist.

For cross-sectional areas having one axis of symmetry, the shear center is always located
on the axis of symmetry. For those which have two axes of symmetry, the shear center coin-
cides with the centroid of the cross-sectional area. This is the case for the I-beam that was con-

7



sidered in the previous article.

The exact location of the shear center for unsymmetrical cross sections of thick material is
difficult to obtain and is known only in a few cases. 1f the material is thin, as has been as-
sumed in the preceding discussion, relatively simple procedures may always he devised to locate
the shear center of the cross section. The usual method consists of determining the shearing
torces as Fyand V above. at a section, and then {inding the location of the external force nec-

essary to keep these forces in equilibrium.
Notes
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Reading Material B

Allowable Stress Design and Strength Design

Structural problems are basically of two types: analysis or design. Analysis (sometimes
celled review) is the process of determining the types and magnitudes of stresses and deforma-
tions in a given structure when it is subjected to known or assumed loads. Most of the prob-
lems in this chapter have been of the analysis type. The process of design has quite a different
goal. In a design situation we are trying to proportion the size and shape of a structure so that
't can carry the known or assumed loads in a safe manner.

These two attitudes are not as distinct and separate as they might appear at first glance.
bacause often the design process becomes an analytical trial-and-error procedure in order to de-
termine the “best” size or configuration for a structure. (The phrase “trial and error,” while
much used and generally understood, can be misleading, as there really is no “error” involved.
(ke writer prefers® trial-and-check ” or “ select-and-try” as being more descriptive terminolo-
A

What determines the “best” structure for a given architectural and construction endeavor
1~ quite an impossible question to answer definitively. In pure structural design terms, the
word “best” can sometimes be interpreted as “efficiency.” that is, efficient use of the material

¢5) involved through (a) optimum manipulation of the geometry or statics present, and (b)

{



at

loading the materials with types of stress which they can most easilv*take” or resist. Here the
word “efficiency” is used, in a narrow sense, to mean just enough material to do the job with-
out waste. Too much material would be “overdesign”and not enough for proper safety would
be “underdesign. ”

As with any type of design. many orders and sequences of compromises are involved and
it is a rare (or nonexistent) effort in which the structural, constructional. and functional con-
siderations become coincident. ! The structural design process can never be accomplished in iso-
lation and becomes a mixture of efficiency and compatibility determinations.

There are two different approaches to structural design currently in use. One is called the
allowable stress method . in which the structure is shaped and the elements are proportioned so
that certain “allowable” stresses are not exceeded. ® (This approach is also referred to as the
working stress method or service load method. ) These allowable stresses are determined as
percentages of the failure strengths of materials under various kinds of stress. For example.
the allowable stress in shear for a certain species and grade of wood might be 500kPa, whereas
its failure stress in shear might be 1000kPa. The allowable bending stress in structural steel
might be determined as two-thirds of its yield value® (i. e. , steel that has a yield strength of
250MPa can be safely stressed to 165MPa). The difference between the two values in each
case constitutes a “margin of safety” or factor of safety obtained by dividing the failure stress
by the allowable stress. This design method is used for wood structures and for most steel
structures. Elements are proportioned so that the computed stresses present under the expect-
ed loads(both dead and live) will be less than the allowable stresses. The behavior of the struc-
ture under overload or failure load is not considered. Representative allowable stresses for sev-
eral types of wood are given in Appendix P. Allowable stresses for different steels are given as
required in various chapters.

The other approach to design is called strength design, in which the factor of safety is ap-
plied in a manner quite different from the allowable stress concept. In the strength design
method, various factors of safety are applied directly to the loads which are known or assumed
to be acting on the structure. Thus. we conceptually increase the loads that the structure must
be proportioned to take by multiplying those loads by specific factors. Such increased or fac-
tored loads are called ultimate loads and we then design the member or structure to fail under
the application of these increased loads®. (This approach is also called ultimate strength design
or ultimate load design. )

Strength design is quite distinct from aliowable stress design in thar the strength approach
proportions a structure to fail under a specified overload and the actual stresses present in the
structure under normal loads are not computed. The margin of safety is present in the degree
of overload specified. Strength design is widely used for reinforced concrete structures, and
overload load factors of 1. 4 for dead loads and 1. 7 for live loads have been specified by the

American Concrete Institute.



