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Newton's Laws

. During the academic years 1665 and 1666
g:l\;vﬂt)c;xll(,l th({ajn .m llﬁs early twenties, was prevented from att:erfcsl?r?gc
pambrid Sgea gllle\;izigyiﬁy dt.};e sPrezifd ofh the plague throughout England.
isguise tor him an i
Cloistered in his mother’s h%)me at Woolsthorcllaea I\?:v(:fltlorfo;a};u:;mty.
ponder the deep questions of physics he had se’t his mind to an vor,
and‘ to develop the ideas of his gravitational theory. These ideas wesr:::;
?}iinng fo_r the time as to approach absurdity. He postulated, for example
at bodies could exert forces at a distance without material cont t,
contrary to all physical evidence. Even so, his law of gravitation red?cicd’
exactly why the moon rotated about the earth in an elliptic traicto ej
alrf]os't exactly 27 and 1/ 3-days and the earth around the sun i1]rl 'm(:fhm
S,Hlptl(:‘, trajectory in 365 days, 5 hours, 48 minutes and 46 seconds‘ It aler
explained” why the legendary apple fell on his head. Not for 256 easo
would a genius of Newton’s magnitude, Einstein, come up with anZth o
Sver'l more daring and abstract assumption, denying the existence e;
action at a dist'ance” and improving on the accuracy of Newton’s result(;
. Newtop, with the mo.desty of some great geniuses, never asserted tc;
ave? explained why bodies attract each other. He simply stated that
bf)dles behave as if they attracted each other with a force governed Wj
his gravitational law. But, having at least assumed a cause o% motion hZ
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proceeded to describe how motion takes place. His three laws of motion
allow the determination of the speed with which all bodies move, from
the apple to the sun’s planets. His first and third laws, when added to
that of elasticity, are sufficient to solve almost all structural problems. His
synthesis remains possibly the greatest in the history of science.

The first law of motion, as applied to structures, states that a body at
rest will not move unless a new, unbalanced force is applied to it. The
third states that, when a body is at rest, for each force applied to it there
corresponds an equal and opposite balancing reaction, also applied to it.
Since we want our structures not to move, except for the miniscule dis-
placements due to their elasticity, Newton’s laws of rest are the funda-
mental laws ruling the balance that must exist between all the forces
applied to a structure.

In physics a body at rest is said to be in equilibrium, from the
identical Latin word which means “equal weights” or balance. An under-
standing of two particularly simple aspects of the laws of equilibrium is
essential to an insight into how structures work.

Translational Equilibrium

Consider an elevator hanging from its cables at a given floor. The
pull of gravity on its cabin and occupants, that is, their total weight, acts
downward. As the elevator does not move (is in equilibrium), a force
upward must be exerted on it equal in magnitude to its total weight. This
force can only be exerted by the cables. We conclude that the cables
pull up on the elevator with such a force. The elevator is thus acted upon
by two equal and opposite vertical forces and is in equilibrium in the
vertical direction. According to Newton’s third law, if we call action the
force due to the weight, the pull of the cables constitutes the equal and
opposite reaction. Similarly, if we stand on the floor, the pull of the earth
(gravity) exerts a force pulling down on our body and, since we do not
move down, an equal and opposite force must be exerted on it. This can
only come from the floor pushing up on our feet, thus exerting a reaction
(up) equal and opposite to the weight (down) of our body. Our body is
in vertical equilibrium.

Consider now two groups of children pulling on the two ends of a
rope. If neither group prevails, the pull of one group must be equal to
that of the other and the rope, under the action of these two equal and
opposite forces, -is in equilibrium in the horizontal direction. If one
group prevails, their force is greater than that of the opposing group and
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equilibrium is lost; the rope moves; it is not in equilibrium any more,
In the first case, it may be hard to decide which of the two equal and
opposite pulls is the action and which is the reaction. It is really a question
of semantics and, perhaps, if one’s boy or girl belongs to one group, on
purely psychological grounds, we might be inclined to call this group’s
pull the action and the other’s the reaction,

Identical considerations govern the equilibrium of structures. Since
the total weight of one of the World Trade Center towers is approximately
140,000 tons and acts down, we know that the soil must exert on the
foundation of the tower a force up of 140,000 tons. The soil under the
tower must be quite hard to develop such a reaction. And so it is on
Manbhattan, an island which consists mostly of very solid rock. Similarly,
if a wind exerts a horizontal pressure of, say, 30 pounds on each square
foot of one of the tower’s faces, which measure about 175,000 square feet,
the total wind force on that face equals 30 times 175,000 square feet, or
over 5,000 tons and the soil under the building must also react horizontally,
in a direction opposite to that of the wind, with a force of 5,000 tons.
If the soil were unable to do so, the tower would slide in the direction
of the wind,

The two basic actions of tension and compression are usually de-
veloped in structural elements in equilibrium by equal and opposite
forces acting along the center line or axis of the element. A steel column,
of a weight usually negligible in comparison with the load it supports,
is set in compression by the action down of the load’s weight and the
reaction up of its footing. One may say that the weight flows down
the column until it is stopped by the footing. Similarly, the weight of the
elevator pulls on its cables and we can visualize this pull travelling up
along the cables until it is stopped at the top by the pulleys. One can
“feel” axial tension or compression by pulling or pushing on a door-
handle. The pull or push exerted by our body and balanced by the
doorknob’s reaction is felt by the muscles of our arm along which the pull
or push travels,

From the Latin word translare, meaning to move in the same
direction, equilibrium in a given direction is called translational equi-
librium, For a body to be at rest it must move neither vertically nor
horizontally. For example, a building will be at rest in total translational
equilibrium if it does not move vertically or in either of the two directions
parallel to its faces. Total translation equilibrium is thus satisfied by three
conditions of translational equilibrium: vertical, parallel to one face, and
parallel to the other face.

Rotational Equilibrium

If an empty cereal box is placed in front of an electric fan, it will
move under the action of the air flow. If it rests on one of its long narrow
sides, it will probably move horizontally, but if it rests on one of ?ts short,
narrow sides (its bottom), it will no doubt topple over before it moves
horizontally. The cereal box is a good model for a tall building not we'll
anchored into the ground and acted upon by a strong wind. Although in
the second case the box was in vertical and horizontal equilibrium, since
it did not slide or move up or down, it was not at rest since it toppled
over. This motion occurs when the box turns around its lower edge on the
side opposite to the wind or, as we say in physics, rotates aro'und this
leeward edge. To maintain the box at rest this rotational motion must
also be prevented. .

To understand the requirements of rotational equilibrium consider
a see-saw with two children of identical weight sitting on opposite ends
(Fig. 5.1a). The see-saw does not move vertically bec'ause th(f, rfaactlon up
of its pivot balances the weights down of the two children (1t is equal to
twice the weight of one child). The see-saw does not rotate either, unless
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one of the children moves nearer the pivot, in which case the see-saw
starts rotating down on the side of the other child and is not in rotational
equilibrium anymore. Clearly rotational equilibrium requires not only
that the weights of the two children be equal, but that their distances
from the pivot also be equal. Let now a father weighing twice as much
as his child sit on the see-saw and try to balance it (Fig. 5.1b). He succeeds
if he sits half the distance of the child from the pivot. The two weights
on opposite sides of the see-saw’s pivot do not-have to be equal for rota-
tional equilibrium. What must be equal is the weight times its distance
from the pivot. This is nothing else but the well-known law of the lever,
which states that rotational equilibrium requires equal products of forces
times lever arms (as distances from the pivot are called) tending to make
the body rotate in opposite directions.

If one now fills the upright cereal box with enough sand or stones
and blows on it again with a fan, the box will not topple over; it will be
in rotational equilibrium. This occurs whenever the wind force times its
vertical lever arm from the leeward edge is less than or at most equal to
the weight of the building times-its horizotal lever arm from the same
edge (Fig. 5.2).° It is thus seen that the rotational action of a force can
be balanced by that of another force in a different direction.

Simple as this may seem, the task of the structure is to guarantee
translational and rotational equilibrium of the building under the action
of any and all forces and reactions applied to it, including, of course, its
own weight. The task of the engineer is to shape and dimension the
chosen structural materials so that the structure may produce equilibrium
without breaking up, and with acceptably small elastic displacements.

Beam Action

Equilibrium guarantees the stability of an entire building and, of
course, of each one of its parts. In the California earthquake of 1971 a
small hospital building toppled over without suffering serious damage. Its
strength was sufficient, but not its equilibrium capacity. To prevent the
toppling of a very high building, when the building’s weight is not
sufficient to counteract the wind, its columns are anchored into a founda-

® For example, in one of the World Trade Center towers the horizontal wind
force of 5,000 tons has a vertical lever arm of 700 feet (half the tower height)
and a product equal to 5,000 X 700 = 3,500,000 or 3.5 million ton-feet. The
tower weight of about 140,000 tons has a horizontal lever arm equal to 60 feet
(half the tower width) and a product equal to 140,000 x 60 = 8,400,000 or
8.4 million ton-feet. The weight wins and the tower does not topple over,
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tion deep in the ground. It this case the building bends slightly under
wind pressure, but remains in rotational equilibrium in part due to the
counteraction of its weight but also due to the forces exerted by the
anchored columns. The windward columns are set in tension and those on
the leeward side in compression (Fig. 5.3), thus creating a tendency to
turn the building against the wind. The wind drift or lateral disP]acement
of the top of the building is due almost entirely to the lengthening of the
windward columns under tension and the shortening of the leeward
columns under compression. Since the floors are rigidly connected to
the columns, they tilt slightly and remain at right angles to them. All these
deformations are so minute that they cannot be detected by the naked
eye, but give to the building a slightly deflected curved shape.

The shortening of a column under the action of an allowable comprf?s-
sive axial force or the lengthening of a cable under an allowable tensile
force is extremely small. In the building under lateral wind load, we find,
however, that the lateral deflections may be substantial. The columns of a
1,000-foot skyscraper shorten under the vertical loads by only one tenth of
an inch, but the top of the skyscraper may bend out several feet under
the action of lateral loads. The deflections due to loads perpendicular to
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the structure are much larger than those due to axial, longitudinal loads.
They are called bending deflections and are typical of basic structural
elements, called beams, which are usually loaded at right angles to their
longitudinal axis. A skyscraper under wind acts like a gigantic vertical
beam stuck into the ground, much as a diving board acts in supporting
the load of a diver (Fig. 5.4). Let us look in greater detail into the de-
formation of these cantilevered beams.

Consider a beam stuck into a wall and carrying a load at its tip—
for example, a wooden jumping board with a man on the end. Under the
man’s weight, the beam ‘deflects and its tip displaces downward. The
beam bends, because the fibers of its upper part become longer and those
of its lower part shorter. If one draws vertical lines on one side of the
beam, these remain straight and perpendicular to the beam’s upper and
lower surfaces (Fig. 55). The lengthening and shortening of the upper
and lower wood fibers are shown by the crowding of the vertical lines at
the bottom and the opening-up of the lines at the top. The most remark-
able feature of this deformation is that the fibers midway between the
top and bottom maintain their original length. They are neither stretched
nor shortened. Hence, they are neither under tension nor compression;
they are unstressed. Moreover, we may also notice that the lengthening
and shortem'n& of the fibers in the upper and lower halves of the beam
increase from being nonexistent at the middle fiber to the greatest
values at the top and bottom of the beam, respectively. Since the board’s
behavior is linearly elastic, the tension and compression in the beam
fibers grow linearly from zero at the middle to maximum values at the

)
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top and bottom fibers. This explains why the short lateral lines remain
straight, as Leonardo first and then Navier knew (see Chapter 1), ;

In the compression of a column or the tension of a cable the loabs are
evenly divided between all the fibers of these ' elements. In a ’eanﬁ
instead, the extreme lower and upper fibers are highly stresse‘d, while a
the other fibers are stressed less and less as we approach the middle fibers.
These middle fibers do not do any work while the others do more and
more work the nearer they are to the top and bottom O'f the beam. .Thus,
most of the beam material is not utilized to its maximum capacity. A
beam, whatever its material, is not a very efficient structx.lral element as,
on the average, its fibers work at half its allowable capacity. . ;

In a beam supported at its ends on colunr{ns, the. crowding toc\lva:hs
the top of the vertical lines on its side and their opemng-up towa‘r s ns
bottom (Fig. 5.6) indicate, again, that the lower fibers are in tension a
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the upper in compression. This is why cracks appear at the bottom of
beams made out of materials with a low tensile capacity, like stone or
concrete, and why steel reinforcing bars are set at the bottom of concrete
beams supported at their ends.

In channeling loads to the ground our most important and difficult
task is to span horizontal distances so that loads may be carried across
them. The structure of a bridge has no other purpose. Similarly, the floors
of a building allow people to walk over thé heads. of people’ on lower
T‘lo?rs. It is easy enough to support a load with a czﬂumn right under it;
it is much more difficult to carry the weight of a truck to the brid f;
supports so that the river may flow unimpeded below it. In buildinggs
distances (of up to 100 feet) are spanned by numerous horizontal beams’
It is unfortunate that beams should be rather ineflicient. .

Is there anything one can do to improve the efficiency of beams?
Realizing that all the material in the neighborhood of the middle ﬁber'
which is called the neutral axis, is understressed, the thought occurs t(;
move this material away from the neutral axis toward the top and bottom
of the beam. If this is done as shown in Figure 5.7, the shape of the
beam’s transverse cut, or cross-section, becomes similar to that of a
capital I. Of course, one cannot displace all the material near the middle
fiber up to the top and down to the bottom of the beam. Some material
must always connect the top and bottom parts of the I-beam, called its
flanges, or they would become two separate, thin and flexible beams
This narrow vertical strip is called the beam’s web and is typical of the.
steel beams used in the construction of high-rise steel buildings.

27 1-PEAM  WITH SAME CROBS-SECTION AREA % RECTANGULAR
BEAM
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I-beams of steel with wide flanges, called wide flange sections, are
obtained by rolling heated and softened pieces of steel between the jaws
of powerful presses and have flanges much wider than the top and bottom
segments of a capital I. This is the most efficient shape a beam can be
given to carry vertical loads horizontally from one point to another. One
may think of a beam as a structural element that transfers vertical loads
to the end supports along its horizontal fibers, as if the beam deflected the
vertical flow of the loads by ninety degrees only to turn them around
again in a vertical direction at the beam supports (Fig. 5.8).

Beams are made out of steel, aluminum, reinforced concrete, and
wood. Their downward-bending displacements under load, larger than
those of columns, must be limited lest they dip impossibly or the plaster
begin to flake off the ceiling. Codes limit the bending deflection of a beam
to less than the beam length divided by 360. The stiffness of a beam shape
is increased by shifting part of the material away from its middle fibers
and is measured by a quantity called the moment of inertia of the beam’s
cross-section, given in all beam manuals. Thus, deep beams are stiffer
than shallow beams. On the other hand, the beam stiffness diminishes
dramatically with increases in, length; doubling the length of a beam
makes it sixteen times more flexible. ‘

If tension is characterized by lengthening and compression by '

shortening, beam action or bending is characterized by the curving of
the beam. Whenever a straight element becomes curved under load, it
develops beam action and the more curved it becomes, the larger its
bending stresses. When a beam’s ends curve up, as in a beam supported
at its ends, its lower fibers are in tension and its upper fibers in compression.
Whenever a beam curves down, like a cantilever supporting a balcony,
the upper fibers are in tension and the lower in compression. (Hence, in
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a balcony beam of reinforced concrete, the reinforcing bars must be lo
cated towards the tensed top of the beam). In general, then, the tensior;
appears on the opposite side of the curvature (see Figs. 5.5 ;nd 5.6)

It has been tacitly assumed so far that a beam supported at th‘e e.nds
on two walls or two columns is not rigidly connected to the supports so
that 1:ts ends rotate due to the bending deflections (see Fig. S.S)Pg\)dost of
the time, instead, the beam is fixed into the supporting walls or rigidl
Cf)nnected to the top of the columns. In a reinforced concrete beamg ch
simultaneous pouring of the concrete makes the columns monolithic with
the beams, while in a steel structure beams are rigidly bolted to the
columns. Such beams have ends which cannot rotate (or rotate onl
slightly). They are called fired-end or built-in beams, ¢

Fixed-end beams are particularly stiff and strong, They carry one-and-
a-half times the load of a supported beam of the same length and the
df'sﬂect five times less. Fixed-end beams deflect under load as shown 1’1>1]
Figure 5.9. The figure shows that rigid connection to the supports makes
the beam ends curve down, but that its middle curves up. This is why in
th'e neighborhoog of the supports of a fixed-end concrete beam y;he
reinforcement is set near its top and in its middle portion near its bottom
There are two points in the beam at which the curvature changes from'
down to up. For a short.length near these points the beam has no curva-
tur.e and hence, develops no bending stresses. Such points are called
points of inflection. Thus, the deflected beam shape allows a visualizati
of the distribution of bending stresses in the beam. .
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Lest it may be construed frondsthis brief discussion of bending that
the reinforcing bars in a concrete beam should always appear either near
its top or its bottom, let us notice that a vertical column stuck into its
foundation acts like a vertical cantilever under lateral loads and may be

- hit by the wind from either side. When the wind blows from the right,

its fibers in tension are on the right and its compressed fibers on the left,
but when the wind blows from the left, the role of the fibers is inter-
changed. In such columns reinforcing steel must appear near both sides
of the column. In addition, the reinforcing bars serve to “stitch” the
concrete and keep it together. To this purpose in most beams the bars, set
at top and bottom, are connected by vertical hoops of steel, called
stirrups, constituting a steel cage containing the concrete (see Fig. 5.12).
The concrete, in turn, covers the steel bars, thereby preventing them from
rusting. An insufficient concrete cover of the bars, which allows water to
penetrate the beam and rust its reinforcement, has been known to make
the reinforcement crumble inside the concrete until the structure col-
lapses. This is a dangerous phenomenon because the rusting of the bars
may not show on the outside of the structure to give warning of its

condition.

Shear

When a cantilever is loaded at its tip, it tends to rotate, but its
rotational equilibrium is guaranteed by the action of the tensile forces
in its upper fibers and the compressive forces in its lower fibers, which
tends to make the beam rotate in the opposite direction (Fig. 5.10).
Obviously its translational equilibrium must also be satisfied. This
means that since the tip load acts down on it, an equal and opposite force
or reaction must act up on the cantilever. This can only happen where
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the beam is supported. Hence, the support must exert an upward reaction
equal to the load (Fig. 5.10), which is called shear because, together with
the tip load, it exerts on the beam the type of action that shears exert on
a steel sheet while cutting it.

Tension tends to move the particles of the material apart; compression
pushes them together; shear makes them slide one with respect to the
other. It may be rightly thought that shear action is a new and different
type of structural action and that there are three glementary structural
actions rather than two, as stated in Chapter -4. This is not so. That
shear action is a combination of tension and compression is shown in
Figures 5.11 a,b,c. Figure 5.11a shows a small cube cut out of a cantilever
beam with two equal vertical and opposite forces acting on its left and
right faces, the load down and the shear reaction up, which together
guarantee the vertical equilibrium of the cube. But their opposite direc-
tions together with the distance between them tend to make the cube
rotate clockwise, just as pulling with our right arm and pushing with our
left tends to turn clockwise the wheel of our car. To guarantee the rotational
equilibrium of the cube, equal and opposite forces, or shears, tending to
rotate clockwise, just as pulling with our right arm and pushing with our left
tends to turn clockwise the wheel of our car. To guarantee the rotational
the particles of a beam vertically with respect to one another, it also
necessarily tends to slide them horizontally. The equivalence of shear
to a combination of tension and compression can now be seen in Figure
5.11c. This figure shows how the upper and left shears actually combine
to become a tensile force directed up and to the left, while the lower
and right shears combine to become an equal tensile force acting down
and to the right. But the upper and right shears also combine to become
a compression acting down and to the left, while the lower and left shears
combine to become an equal compression up and to the right. It is thus
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seen that shear is structurally equivalent to tension and compression at
right angles to each other and at forty-five degrees to the shea{)s. A
physical proof of this equivalence is given by a reinforced concret:; eam
insufficiently reinforced against shear. Diagonal cracks at ferty—ﬁve e}%rﬁes
appear near its support showing that the concrete tensile strengtk as
been overcome by the tension component of the shear. Such cracks are
avoided by bending the lower bars of the beam a.t an angle of forty-five
degrees near the supports so as to absorb the tens'10n due to shear, o; b?r
“stitching” the horizontal concrete layers with stirrups to prevent their
sliding with respect to one another (Fig. 5.12). o
Almost none of the problems presented by concrete beams exist in
steel beams, since steel has as good a resistance to tension as te compre:s‘
sion. And yet the next section will show that trouble can arise even in

steel beams.

Buckling

It may seem strange that in a modern steel building the columns
should have the same wide-flange shape as the beams, when this I-shape
was shown to be ideal for bending while columns are not bent, but
compressed. But this choice eliminates one of the mos.t dangerous strgc-
tural phenomena called buckling: the bending of a straight element under

n.
Comlﬁes:g pushes down with increasing pressure on a verticztl thin etestl
ruler supported on a table (Fig. 5.13), the ruler at first remains straight,
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S5 PUCKLING or THIN RULER  UNPER AXIAL coOMPRESS10N

but there comes a point when, rather suddenly, the ruler bends out. It
can be proved that a perfectly straight ruler acted on by a compress;ive
force perfectly aligned with its axis will bend out suddenly at a given
value of this force, called its critical value. {The real ruler does not%end
so suddenly because it is never perfectly straight.) The moment the ruler
bends out, the compressive force acquires a lever arm with respecty to its
axis (Fig. 5.13) and bends it progressively more. This is a chain reaction
?Vhere the more the ruler bends, the larger the lever arm becomes. This
increases the bending action of the force, which increases the lever. arm
and so on. Very soon the ruler fails in bending. The column is said t<;
become unstable when the load reaches its! critical value,

This behavior is typical not only of thin columns, but of any thin
element under compression and has acquired great significance due to
the thin sections allowed by modern, strong materials. The columns of a
Greek temple could never buckle because they were chunky and short
The slender columns of a modern building are much more likely t(;
buckle. Since buckling is a phenomenon involving bending, it becomes
clear why modern steel columns have the shape of wide-flange beams.
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Their resistance to buckling is magitified by this shape without a costly
increase in material.

The load capable of buckling a column, or its critical load, depends
on the slenderness, the material, and the way a column is supported.
Since the moment of inertia was found to be a quantity characterizing
the amount of material moved away from the neutral axis of a beam and
hence measuring its bending stiffness, it is not surprising that the buckling
load increases in proportion with the moment of inertia of the wide-
flange columns. The longer a column, the slenderer it becomes and its
buckling load is reduced in proportion to the square of its length. A
column twice as long as another has a buckling load four times smaller.
A column stuck into its foundation and free to move at its top (a canti-
levered column) has a buckling load eight times smaller than the same
column stuck into its foundation and rigidly connected to a floor at its
top (Fig. 5.14). Finally, the stiffer the column’s material, the stronger the
column. A steel column is three times stronger against buckling than an
identical aluminum column,

It is interesting to notice that buckling is a consequence of the basic
“least work law” of nature. If an increasing load is applied to. the top of

b
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a column, the load first comes down by compressing and shortening the
column. Since loads always tend to settle in their lowest balanced posi-
tion, this type of lowering of the load would go on indefinitely, were it
not for the fact that at a certain value of the load, the column can lower
it further in two ways: either by continuing to shorten in compression or
by bending out. As soon as the work required to further lower the load
is less in bending than in compression, the column follows the easier path
and bends. The column buckles. s

The shape given modermn steel columns may prevent the buckling of

the column as a whole, but may still allow the buckling of some of its -

parts when these are thin. Thin webs are most sensitive to local buckling
and, at times, must be stiffened to prevent it. Buckling of the web of
steel beams may occur near the suports due to the compressive com-
ponent of the shear. The lower flange of a cantilevered wide-flange beam,
being thin and compressed in bending by vertical loads, may also buckle.
This buckling occurs in a lateral direction, as shown in Figure 5.15, and
twists the beam, besides bending it.

Buckling is one of the main causes of structural failure, The roof
of the Hartford Civic Center hockey rink was a space frame (described
in Chapter 9 ) made out of steel bars. It covered an area of 360 feet by
300 feet and was supported on four massive pillars of concrete set 40
feet in from its corners. Its upper bars were compressed by its enormous
dead load of 1,400 tons and by the weight of snow, ice, and water ac-
cumulated on it. After standing for four years, it suddenly failed, at
four o'clock in the morning following a heavy snowstorm in 1978. Four-
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teen hundred tons of steel came :i"’rashing down on the floor and stands
of the hockey rink, where only five hours earlier 5,000 specla.tors sat
watching a game. The roof collapsed in less than ten seco'nds.. Thxs‘ str\.Jc-
tural failure is attributed by engineers entrusted with its investigation
by the city of Hartford to the buckling, at first, of only a few compressed
bars, which shifted to adjoining bars the load they were supposed to sup-
port. The overloaded adjoining bars in turn buckled and the progressive
spreading of buckling to more and more bars produced the collapse of
the entire roof. This dramatic occurrence shows that one of the rrlnost d'an-
gerous characteristics of a buckling failure is its suddenness, which gives
no warning, Whenever a structure under load cho.oses the easy path of
bending rather than the foreseen path of compression, the structure may
fail. Good engineering judgment, correctly shaped and support?d ele-
ments, strong materials, and careful supervision during construction are
needed to avoid this particularly tricky and sensitive structural behavior.



