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CHAPTER

VI.

Of the Stability of an Arch.

By the stability or immobility of an arch I mean its
capacity to resist all tendency to vibration or tremor,
arising from any external shock or violence ; as also its
capacity of preserving its equilibrium unimpaired , and
its curve of direction from being sensibly deranged by
any casual or partial loading on the roadway. In this
respect the stability stands contradistinguished to the
strength of an arch, which implies simply its power of
resisting lateral pressure.
It is well known that all bridges constructed over great
rivers for the purposes of an extensive commerce, are ex¬
posed to a variety of shocks and concussions, to a much
greater extent than other structures of equal magnitude.
The being struck against by large floating masses, the
passing over of great bodies of men, horses and carriages,
—all tend to disturb the equilibrium of an arch, and to
throwr the parts into a state of vibration and tremor ; and
even, in some bridges that are deficient in the requisite
degree of solidity, to cause very alarming oscillations. It
is therefore of great importance , not only that the parts
of. an arch be among themselves in perfect equilibrium,
but that the arch, as a whole, shall also possess sufficient
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mass and solidity to prevent any external force from pro¬
ducing such a degree of motion as to cause an injurious
effect.
Hence we shall at once perceive, that in order to en¬
sure this desirable degree of solidity, it will be requisite
to give the voussoirs a certain adequate depth , indepen¬
dent of what may be considered merely necessary to re¬
sist the lateral pressure.
If two beams of timber of the same scantling, but the
one twice the length of the other , be supported each by
its two ends, it will require a far greater force to cause
the short beam to vibrate, than what would be necessary
to produce the same degree of motion in the long beam.
And if two cords of the same size, but one double the

length of the other, be stretched to the same degree of
tension, it will take a much greater force to vibrate the
short cord than it would to vibrate the long cord.The rea¬
son of this is well known. It is precisely the same in
the arches of a bridge : for if two arches be constructed
of the same form and dimension of parts , except that
the one be double the span of the other, it is demonstra¬
ble that the small arch will demand a much greater force
to give it a certain degree of motion, than what would be
necessary to produce the same angular motion in the
large arch . It is therefore clear, that the latter ought to
possess at least double the solidity of parts.
The stability, according to the meaning here implied,
or rather immobility, of an arch, will of course mainly
depend upon the mass or quantity of materials employed
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in its construction. But this characteristic of an arch will
be greatly modified in the three following ways:—first, by
increasing or decreasing the depth of the voussoirs, the
absolute weight of the arch remaining the same : se¬
condly, by increasing or decreasing the density or weight
of the materials, the depth of the voussoirs remaining
the same : and thirdly, by increasing or decreasing the
curvature of the arch, the depth of the voussoirs and the
density of the materials remaining the same.
In the first case, by increasing the depth of the vous¬
soirs, a great increase is obtained to the stability of the
arch (although the absolute weight of the arch may con¬
tinue unaltered ) ; for by that means the leverage of the
voussoirs becomes so much greater, and is therefore much
more efficient in resisting the tendency to vibrate.
In the second case, by increasing the density or weight
of the materials, the same advantage is obtained ; because
it is well known that the motion given to a body by any
force whatever is always inversely as the quantity of
matter contained in that body. Therefore , if the two
foregoing circumstances be combined, i.e. if the absolute
weight of the arch increase at the same rate as the depth
of the voussoirs (as is nearly the case in arches of stone),
it follows that the stability of the arch will increase in
the duplicate ratio of the depth of the voussoir.
In the third case, the stability of an arch is increased
by diminishing the curvature ; for this plain reason, that
the increased lateral pressure which results from the di¬
minished curvature, produces the same effect, as to the
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stability of an arch, as an increased density of, or a
greater quantity of materials ; it is precisely the same
thing as increasing the tension of a cord, which always
requires a proportionally greater force to cause it to vi¬
brate. And this clearly proves, that , provided the abut¬
ments are adequate , flat arches have, ceeteris paribus,
always more stability than arches of greater curvature.
Therefore , as it is known that in arches of stone, both
the absolute weight and lateral pressure increase at nearly
the same rate as the depth of the voussoirs, it follows
that in such arches, of similar form and span, the stabi¬
lity will be nearly in the triplicate ratio of the depth of
the voussoirs.
To illustrate the above observations, we will refer to a
few of our own most considerable bridges. The castiron arch over the river Wear at Sunderland , is about
the same span and same depth of voussoir as the centre
arch of the Southwark Bridge in London : the former,
however, has the greater curvature, and it is also formed
with probably about one third of the density or weight
of materials employed in the latter ; the consequence is,
that in the Southwark Bridge the vibrations are by no
means considerable, while in the Sunderland Bridge they
are what may be termed alarming oscillations. For if
we consider the difference of curvature not to cause a
great variation,—yet, as the one arch is three times the
absolute weight of the other, and consequently its lateral
pressure three times greater also, it results that the stabi¬
lity of the one will be nine times greater than the other.
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Again, let us examine the arches of Westminster,
Blackfriars, and Waterloo Bridges ; in these, although
the curvature is much greater than in the centre arch of
the Southwark Bridge,—yet, as they are not more than
half the span, have nearly the same depth of voussoir,
and at the same time have a much greater density or
weight of material, — we shall find in them scarcely any
perceptible vibration whatever.
To some persons it may appear objectionable to com¬
pare iron arches with arches of stone, because the voussoirs of the first are generally formed in much larger
parts than those of the latter : but if the subject be pro¬
perly considered, there will be found no impropriety in
comparing the two kinds of arches ; for, as regards that
sort of stability of which we are now treating, it matters
not of what material or of what size the voussoirs be
composed—the analogy will invariably hold good. It
has long ago been shown by Monsieur Gauthay (in his
Trade de Ponts et Chaussies ), that in the rupture of an
arch, whatever may be the dimensions of the voussoirs
in the direction of the curve of the intrados , it will always
separate in a small number (generally four) of large
fragments : therefore the narrowness of the voussoirs in
an arch of stone is of no consequence whatever, as re¬
gards its stability.
It is true that whether iron, stone, or wood, be em¬
ployed to compose the voussoirs of an arch, each has its
separate advantages and disadvantages ; but these de¬
pend upon considerations which are but remotely con-
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nected with the question under immediate examination.
If it were possible to form two arches of precisely the
same span, curvature , depth of voussoirs, and absolute
weight of materials,— but the one of stone and the other
of iron,—it would be found that the difference of the sta¬
bility in the two arches would not be very great ; al¬
though from particular circumstances I am inclined to
believe it would be in favour of the arch of stone.
Cast iron certainly presents great advantages in the
construction of arches, the principal of which is the fa¬
cility it affords of making the voussoirs in the form of
deep, thin ribs ; by which means a greater depth of voussoir and consequent stability of the arch are obtained
from a given weight of material , than what could possibly
be accomplished by employing the same weight of stone.
But, on the other hand, cast iron has its disadvantages,
which it is not my intention to point out in this place, as
the subject forms no part of the present inquiry.
If the foregoing observations be correct, of which I
believe there can be no reasonable doubt , it follows that
the durability of an arch depends upon two very distinct
causes : the first of which is, the hardness or impenetrabi¬
lity of the voussoirs, as also their proper form and ar¬
rangement , so that they may adequately sustain the lateral
pressure in the true and natural curve of direction of the
forces. And the second is, that the arch possess suffi¬
cient mass or volume to resist all dangerous motion that
may arise from any foreign force or concussion.
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At the first view it may appear that the forming of an
arch on the principles of equilibrium is advantageous
only as regards the simple lateral pressure ; but that as
the stability of the arch , or its capacity to resist vibra¬
tion, depends on other causes, the principle of equili¬
brium in that respect possesses no greater advantage than
the common mode of forming an arch . This , however,
is not the case : for although it is probable that the arch
of equilibrium would vibrate just as much as a common
arch of the same dimensions from any external violence,
it can nevertheless be shown that the injurious effects
occasioned by this vibration would not be equally great
in both arches.
For it has already been observed, that a principal part
of the security of an arch formed on the common plan
depends upon the tenacity of the cement , and the friction
in the joints of the voussoirs, by which means a sort of
artificial equilibrium is maintained . Now there is nothing
so likely to destroy this tenacity , and to overcome this
friction, as the vibration or tremor to which all bridges
are more or less exposed : therefore , unless the voussoirs
and other parts of an arch formed on the common plan
be made sufficiently ponderous and massy to prevent
nearly all possible vibration, sooner or later it must ne¬
cessarily end in the ruin of the structure.
But the case is widely different with respect to the
arch of equilibrium : for, as it is clear that the security of
the latter does not in any shape depend upon the tena¬
city of the cement or the friction in the joints , it follows

u
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that it cannot be nearly so much injured by any vibratory
motion : indeed, it is certain that an arch of equilibrium
might, without any injurious consequences , be exposed
to a degree of vibration that would be quite destructive
to an arch formed on the common plan.
It is therefore clearly manifest , that the principle of
equilibrium applied to the formation of an arch is really
productive of great additional strength , not only as re¬
gards the simple lateral pressure, but, what perhaps is
of far greater consequence , as regards also the security
against the effects of vibration . Hence it is a legitimate
assumption , that an arch of equal strength and stability
may be formed on this plan with a much less depth of
voussoir, (and consequently with a great diminution of
expense,) than what would be indispensable for a similar
arch on the common plan.
Before taking leave of this part of the subject, it may
not be amiss to observe, that the vibratory motion of
which we have just been treating , is principally ob¬
servable in the vertical direction of the arch, and very
rarely sideways or laterally . The reason of this is, that
the forces which produce this motion generally act in a
vertical direction ; and also that as the depth of the voussoirs is generally small, compared to the width of the
bridge, it results that the motion will naturally take place
in that direction where there is the least resistance.
Furthermore , that although there is not much danger to
be apprehended from any lateral or side vibration , it
nevertheless is certain that an increase in the width of
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the bridge must be attended with a greater degree of
stability ; because of the greater mass or quantity of ma¬
terials employed , and the consequent augmentation in the
lateral pressure . It does not however follow that it would
be prudent on that account to diminish the depth of the
voussoir ; for it is to be presumed that over a wide bridge
there will be much greater traffic, and consequently
greater concussions than on a narrow bridge.
There is another observation which may with pro¬
priety be made here , which is, that in designing a bridge
it is generally desirable to give the most considerable
elevation or rise to the soffit of the arch, for the purpose
of a free navigation : and it is at the same time equally
desirable to keep the roadway over the bridge as little
elevated as possible, in order to prevent the inconvenience
of long, steep approaches . Of course it is difficult to re¬
concile these two opposite considerations ; it is how¬
ever obviously required that the depth of the voussoir at
the crown should be made as small as prudence will
admit.
Now , it will be convenient that the voussoirs, instead
of being of the same average length throughout , should
be somewhat longer at the springing than at the crown
(agreeably to what was stated in the investigation of the
arch of equilibrium ). By this means some little advan¬
tage will be gained as regards the elevation of the road¬
way : and this will be accomplished without any material
diminution of the stability of the arch, provided the ab¬
solute weight of the materials and the lateral pressure
it 2
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remain the same : for although the voussoirs at the ver¬
tex may have lost some portion of their leverage, this
will be nearly compensated by the increased leverage
towards the springings. But, independent of the above
consideration , the varying of the length of the voussoirs
according to the direct pressure, does not appear to be
urgently called for by any practical consequence.

