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CHAPTER

VII.

Of the Depth of the Voussoirs.
IT is probable that no part of the art of bridge-building
is less indebted to science than the mode of determining
the depth of the voussoirs of the arches. It is however
certain , that in this case unaided practice has devised a
safe and simple rule, which, for common arches , does not
appear to be susceptible of very great improvement.
The rule consists in making the depth of the voussoirs
always bear a certain relation to the span of the arch.
It is true , that in the preceding chapter it was shown
that the stability of an arch of stone varies nearly as the
cube of the depth of the voussoirs, while the effect of any
shock upon the arch would be simply in the ratio of the
span only. It may therefore be thought that the above
rule would, in large arches , give the depth of the vous¬
soirs much greater than it has any occasion to be.
But it should be observed, that although the effect of
an external shock or force upon an arch may be only
directly as its span ; it is not to be inferred from thence
that all arches , great and small, are exposed to shocks
and concussions of the same degree of violence. On the
contrary , it is well known that large arches , which are
generally employed upon wide rivers and in more ex-
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posed situations , are liable to be struck against by much
greater floating bodies ; and that according to the in¬
creased size or span of the arch , so much the greater will
be the number of passengers, horses and carriages , that
will be probably moving upon it at the same time ; which
must therefore necessarily cause in large arches much
more violent concussions than what can possibly occur
to small arches,
It is therefore no unphilosophical conclusion to say,
that the effects of the shocks and concussions to which
different arches are exposed , will be generally as the
square of the span.
Still, however, this may not be considered a sufficient
reason why the stability should increase in the ratio of
the cube of the depth of the voussoirs. But we have
already remarked , that , in arches of the common plan,
one of the principal causes of stability is the tenacity of
the cement and the friction in the joints of the voussoirs.
Nowr these causes of security will not increase in equal
ratio with an increased size of the arches . In other words,
the tenacity and friction are much greater , in proportion,
in small arches , than they are in large arches : conse¬
quently this deficiency of stability has to be compensated
in some other way ; and no other appears so feasible as
the employing an extra quantity of materials or depth of
voussoir.
Arches of equilibrium , to be sure, do not depend in
any manner either upon friction or tenacity ; the above
argument , therefore , does not exactly apply to them : it
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may consequently be presumed that in forming their
voussoirs, it will be quite sufficient, if the cube of the
depth bear a constant ratio to the square of the span.
I do not however approve of this rule, even for arches of
equilibrium , as it appears to give the depth of the vous¬
soirs rather too small,—and for the following reason :
In determining the parts of large structures , as com¬
pared with similar structures on a small scale, it would
not be prudent to limit the strength of parts in the
former case merely to the increased strain they will have
to bear ; but it will be desirable to make the strength in
such case somewhat greater than calculation may seem
to require . The cause of this is the imperfect knowledge
which man has of the materials he employs ; wherefore
he never can be so certain of the results when working
on a large as when operating upon a small scale . It is
notorious how very inconclusive and unsatisfactory are
all mechanical experiments which are tried in a small
way.
Upon the whole, therefore, I think nothing can be more
safe and convenient than to make the depth of the vous¬
soirs generally bear a constant ratio to the span of the
arch, agreeably to the plain simple rule above given.
An ingenious writer in a late publication has strongly
recommended that in the forming of an arch , the depth
of the voussoirs should be made to bear a certain ratio
to the radius of curvature at the crowm, without any re¬
ference to the span of the arch : by which I presume it
is intended that the depth of the voussoirs should bear
some certain relation to the lateral pressure.
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Much as I admire the talents of the gentleman in
question , I feel obliged, in this particular , to differ from
him toto ccelo: the doctrine is no less at variance with
the practice of the best engineers , than I think it is easily
shown to be opposed to sound mechanical principles.
And as the subject is important , it will not be necessary
to apologize for dilating' upon it at some length, although
at the risk of making a few repetitions.
It certainly is true , that in arches of the same span,
the lateral or horizontal pressure may not be uniformly
the same ; because this latter , it is known, will vary ac¬
cording to the flatness or quickness of the curve. At the
first view of the subject, therefore , it may not seem very
judicious to determine the dimensions of the voussoirs
without an immediate reference to this variable pressure.
But if we examine the matter more closely, it will be
found that , besides the mere lateral pressure here alluded
to, there is another consideration of much more imme¬
diate consequence to the duration of the arch ; which is,
that the depth of the voussoirs be sufficiently great to
prevent , by their mass and solidity , all possibility of the
equilibrium being injuriously disturbed by any foreign
force or concussion.
Now it can be incontestably proved that the depth of
voussoir necessary to accomplish this latter object , must
in all practical cases be incomparably greater than what
is merely required to resist the lateral pressure . It is
therefore evident, that the question of the lateral pressure
is entirely overwhelmed by the more important consi¬
deration of the stability of the arch.

Besides, if it were necessary to take any account of the
lateral pressure in determining the depth of the voussoirs,
it would still be the height of absurdity to reject all con¬
sideration of the span : for, suppose there are two arches
formed of the same depth of voussoir and radius of cur¬
vature, but the one double the span of the other , it is
clear that the liability of the equilibrium being destroyed
in the one, is at least double what it is in the other :
consequently, this increased tendency will require to be
counteracted by a proportionate increase fn the depth of
the voussoir.
But if there be two arches of the same span, but the
one having double the radius of curvature to the other,
it is certain that the liability of the equilibrium being
destroyed , would not be greater in the former than it
would be in the latter : therefore on that account it is
clear that the flat arch would not need a greater depth
of voussoir ; although according to the doctrine held out
it would have been necessary to make it double . Indeed,
it is demonstrable that with the same depth of voussoirs
the flat arch ( provided the abutments are immoveable)
would be by far the strongest ; because, from the in¬
creased lateral pressure, it would require a much greater
force to disarrange the parts and destroy the equilibrium.
Therefore , in fact, so far from the flat arch requiring an
increased depth of voussoir, it might have admitted,
without any inconvenience, of a considerable reduction.
The arch between the towers of Lincoln cathedral is
said to be 28 feet span, the radius of curvature being

131 feet, and the depth of the voussoirs 11 inches.
Now this depth of voussoir may he very suitable for an
arch of that span, in such a situation : but if it be re¬
quired to form another arch of five times that span , with
the same radius of curvature , for the common purposes
of a bridge, I believe few practical men would venture to
say that 11 inches would be a sufficient depth for the
voussoirs of such an arch : although it is certain that the
lateral pressure in an arch so constructed of 140 feet
span , would not differ very materially from that of the
arch between the towers of Lincoln Cathedral.
Now let us suppose that the cast -iron voussoirs or
ribs of the Southwark Bridge had been placed flatways,
instead of edge-ways as they are at present , so as to have
formed the arch of a complete sheet of cast iron 4 or 5
inches thick . There can be no doubt but the voussoirs
would have been then as efficient to resist the lateral
pressure as they are in their present form : and if the la¬
teral pressure were the only thing to be regarded in the
forming of the arch, there are many considerations which
would make it desirable to have formed the voussoirs on
that plan . But that the stability of the arch would have
remained the same , no one could be so weak as to believe
for a moment ; as it is certain that such arches would not
have possessed more than a twentieth part of the stabi¬
lity of the present structure.
The above case is more particularly remarkable , as it
shows satisfactorily to what an extent the doctrine would
lead if once adopted as a fundamental law in practice.
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It is true that in this particular case there would not
(according to the proposed rule) be any danger of the
voussoirs being reduced to so small a depth as above
stated. But in investigating the merits of so important a
law, it is proper to argue upon what we may presume to
be the principle or ground -work of it : although this
method is not without danger ; for logicians hold it to be
unsafe to suppose any person means what he does not
expressly state . But as I know of only two objects, of
primary consequence, to be accomplished in determining
the particular depth of the voussoirs ; viz. the giving a
suitable resistance to the lateral pressure, and the se¬
curing of the stability of the arch : and as it is manifest
that the proposed law can have no reference to the latter
of these two objects ; it is consequently no presumption
to suppose that it is grounded upon the other , namely
with reference to the lateral pressure : it is therefore al¬
lowable to argue accordingly.
From what has been thus far stated , I trust it will be
quite clear to the reader , that the depth of the voussoirs
should in all cases be determined by a direct relation to
the span of the arch (the proper ratio we shall have to
discuss further on). But it does not appear equally clear
that it is necessary to have a reference to the lateral
pressure also. On the contrary , I think it may be safely
laid down as a principle,— that in determining the depth
of the voussoirs of an arch, it is not necessary that the
lateral pressure or radius of curvature should be noticed
m the first instance at all : for this plain reason,— that if
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arches , of the size usually constructed , he formed accord¬
ing to the simple rule first mentioned , the depth ot the
voussoirs will always be of sufficient magnitude to resist
the lateral pressure . Experience has pointed out many
instances of the failure of an arch from the equilibrium
being destroyed : but I believe there is no instance on
record of an arch failing by the absolute crushing ot the
materials.
It is not, however, to be denied , that there is a possi¬
bility of forming an arch of such an immense radius of
curvature as would naturally be destroyed by the crush¬
ing of its voussoirs. However , if such a case were to
happen , the only remedy would be to employ stronger
materials ; and if these are of the hardest and most im¬
penetrable description , the case appears , as far as re¬
gards any practical utility , to admit of no remedy,—
human effort has then arrived at that term beyond which
it is not permitted to pass. But to attempt to remedy
the evil by increasing the depth of the voussoirs would
be useless ; because it is well known that by far the
greater part of the lateral pressure actually arises from
the very weight of the voussoirs themselves : therefore to
increase the depth of these would have the effect of still
further increasing the lateral pressure ; and thus little or
no advantage would be gained.
In saying that it is unnecessary to pay any attention
to the lateral pressure, in determining the depth of the
voussoirs of an arch , it may appear to some that I am
arguing in contradiction to myself ; because in giving the

investigation of a theorem for an arch of equilibrium in
a former chapter , it was directed that the length of the
voussoirs should increase towards the springings, in order
that they may by that means be proportional to the
pressure which they will have to sustain . But there is
nothing contradictory in this : because, although it may
be very inconvenient to make the voussoirs of a number
of different arches all proportional in size to the pressure
they will respectively have to bear, it nevertheless may
be both convenient and desirable for particular reasons,
that the different parts of the same arch should be pro¬
portionable to the pressure each part will have to sustain.
If in determining the depth of the voussoirs, there were
no other consideration to be attended to, but the guard¬
ing against the effects of the lateral pressure, I should
say at once, Let that pressure , as far as practicable , be a
uniform standard to determine the depth of the vous¬
soirs.
I would not therefore be understood to recommend
that no attention whatever be paid to the lateral pres¬

sure. On the contrary , when the depth of the voussoirs
is once determined with reference to the span, according
to the plain simple rule, it then becomes a matter of pro¬
priety to ascertain whether the voussoirs be capable ot
supporting the lateral pressure : and if there appear the
most remote danger of the materials crushing, it then
becomes imperative to reduce the size, or otherwise vary
the nature of the arch . But to attempt to meet the
danger by augmenting the depth of the voussoir, I must

affirm to be highly inexpedient , tor the reasons already

stated : because, to accomplish even an inconsiderable
advantage in this respect, it would be requisite to make
the depth of the voussoirs at least double ; by which
means the lateral pressure on the abutment -piers would
be increased nearly two-fold, and the road-way over the
bridge would require to be elevated so much the more;
two circumstances particularly obnoxious in the construc¬
tion of a bridge.
Having thus far shown that the depth of the voussoirs
of an arch ought to bear a certain relation to the span,
we now have to inquire what that relation should be.
This question can be determined only by experience , or
by a careful reference to the works of eminent engineers ; |
abstract science will in this respect be of no use.
The ratio , as observable in different bridges of note,
appears to vary considerably , according to the confidence
or timidity of the engineer. In most works of conse¬
quence , the proportion appears to range from a fifteenth
to a fortieth , and in some instances to a fiftieth part of
the span . Thus the voussoirs of Blackfriars and West¬
minster Bridges are about a fifteenth ; of the Waterloo
Bridge, a twenty-fourth ; of the Southwark Bridge, a for¬
tieth ; of the bridge built by the indefatigable Edwards
over the Taafe , the depth of the voussoirs is only one
forty-sixth part of the span ; of the bridge of Neuilly , the
depth is a twenty-third ; and of two old bridges in the j
South of France it is a forty-ninth.
From the above, the reader will perceive what an

amazing discrepancy there exists in the opinion of engi¬
neers respecting the depth of the voussoirseither
some
bridges are built amazingly too ponderous and massy,
or others much too slight and unsubstantial : there is
some little difficulty therefore in judging of the prudent
medium which should be adopted . However, when we
observe a number of different bridges, which to all ap¬
pearance stand equally secure, the mind is naturally led
to prefer the work which seems the least overloaded with
materials. Local circumstances should also be taken
into consideration ; for a bridge built in an unfrequented

part of Wales ought not to be considered as a suitable
standard for a bridge built in the metropolis, where the
traffic will be so much greater.
From the best consideration of the subject , I am con¬
vinced that one thirty -fifth part of the span is quite ad¬
equate for the voussoirs of a large bridge in a crowded
city. This proportion will give for an arch of 230 feet
span, (as here proposed for the new’ London Bridge), 6
feet 6 inches for the depth of the voussoir, agreeably to
what has been assumed in the calculations contained in
Chap. IV.
That the depth above proposed for the voussoirs of
the new London Bridge would really be adequate to se¬
cure the stability of such large arches , will, I believe, be
not very difficult to make appear satisfactorily . Few per¬
sons, I presume, have any serious doubts of the stability
of the arches of the Southwark Bridge. Now the weight
of the centre arch of that w'ork, which is ‘240 feet span, is

about 2,800 tons : but the weight of one of the arches
of the new London Bridge would be near 1.5,000 tons,
more than five times greater . Again, the lateral pressure
of the centre arch of the Southwark Bridge is only about
.‘3600 tons : but the lateral pressure in the proposed
bridge would be equal to 11,870 tons, more than three
times the other :— therefore these two circumstances
would make the stability of the arches of the new London
Bridge fifteen times greater than that of the centre arch
of the Southwark Bridge . But if it be also considered
that the depth of voussoir in the latter is6 inches less than
in the former, and also that there is some difference in the
span , we may safely pronounce that the difference of the
stability would be at least twenty times, which I conceive
to be quite sufficient to remove all scruples on that par¬
ticular subject.

Of the lateral Pressure.
Having once determined the depth of the voussoir at
the crown of the arches , it now becomes necessary to
ascertain the lateral pressure, in order that w’e may be
fully assured that the voussoirs are perfectly adequate to
support their load . Nothing can be more simple than
to determine the lateral pressure in an arch of equili¬
brium. All that is required is to calculate the absolute
weight of the whole arch between the vertical lines KA
and MB , ( Fig. 16.) and putting half that weight equal
to the subtangent of the curve of direction at the point
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H , or springing ; then will the lateral pressure at the
crown he as the semi-span AO.
Now the weight of the whole arch will he found very
nearly 15,000 tons ; and the subtangent of an arch 230
feet span, &c., has been already shown to be 72 *66;
and the semi-span AO =115 feet : therefore , subtan.
72-66 : 7,500 tons : : (AO ) 115 : 11,870 tons . That
is, the lateral or horizontal pressure is equal to 11,870
tons at the crown of the arch.
Again, if we put the weight of the half arch equal to
the subtangent , then will the direct pressure at the point
H on the voussoirs at the springings be as the tangent
of the curve of direction at the same point H . And the
tangent is equal 135-95 feet ; therefore , as 72 -66:
7500 tons : : 135-95 : 14,033 tons, which is the direct
pressure at the springings of the arch.
Now the sectional area of the voussoirs at the crown
of the arch is equal 53 feet x 6£ feet, or 344),- super¬
ficial feet ; which superficies will have to sustain a pres¬
sure of 11,870 tons : being equal to about 34) - tons
pressing upon every square foot ; and reckoning 12^ feet
cube of granite to the ton , this would be equal to a
column of granite stone 431 feet high and one foot
square.
But according to writers who have made this branch
of knowledge their particular study, it appears that many
species of granite are capable of supporting a column of
their own material equal to eight or nine thousand feet
high without crushing ; which is a force twenty times
I

greater than what the voussoirs of the proposed arch will
in any part have to sustain *.
It is to be presumed , therefore , that this superabun¬
dance of strength in the voussoirs will be sufficient to
convince the most timid , that there is not the slightest
ground for apprehending any injurious effects from the
* The writer is aware of the objections that may be started against
the placing too much confidence in the results of mechanical expe¬
riments tried on a confined scale ; as the crushing of small cubes of
granite , &c. ; but where the computed practical strength is so very
great , compared with the actual strain or pressure which will be on
the materials , he conceives that , after making the largest conces¬
sions on the score of probable inaccuracy , there are still sufficient
grounds for inspiring confidence , and banishing all doubt and ap¬
prehension.
The writer has himself made a very numerous set of experiments
upon the crushing of bodies . The article he operated upon was
chalk ; but he found it so very difficult to obtain pieces that were
sufficiently homogeneous in their texture , that the results were extremely uncertain , and in many instances so much at variance with
what has been stated by others , that he feels no confidence in giving
them publicity . There were, however , two or three remarks which
he made at the time , that he thinks may be deserving of some atten¬
tion . It appeared,
1st, That in small cubes of different sizes, the strength varied as
the square of the side, or as the area.
2d, In prisms of the same altitude , but unequal square bases, the
strength was as the cube of the side.
3d, In prisms of unequal altitudes , but of equal square bases, the
strength was inversely as the height . (This last however did not ap¬
pear to hold good beyond a certain height as compared to the side.)
The above are offered as little more than conjecture : but it may
be the means of inducing some other persou to pursue this interest¬
ing but much neglected branch of science.

lateral pressure in the proposed arches of the new Lon¬
don Bridge : it is therefore unnecessary to give any
further practical illustrations of this point , which might
be done to a considerable extent if required.

After proceeding thus far in our course, it may be
advisable to pause here awhile, to remind the reader that
the proposition with which we set out as the basis or
ground-work of this little tract , was the demonstrating
the practicability of executing arches in stone of 230
feet span and 48 feet elevation ; and to show the perfect
security of their application in the building of the pro¬
posed new London Bridge. As far as regards the con¬
struction of the arches, it is presumed that what has been
thus far written has fully accomplished that object.
The ample calculations and illustrations that have been
given on different matters connected w-ith the arch, the
depth of the voussoirs, &c., I trust have completely sa¬
tisfied the ingenious inquirer , w'hether mathematician or
practical engineer. A method has been given for con¬
structing the arch of equilibrium , upon , I believe, new
and original principles : its beauty and conveniency of
form require no comment ; and its strength and stability
have been satisfactorily proved : nothing further there¬
fore needs be said to show its utility , and the propriety
of its being adopted in large works, and in no w»ork so
particularly as in the new London Bridge.
Before concluding this chapter , it may be proper to

say something respecting the mode of executing the
masonry of a large arch as here described . It is hardly
necessary to remark how much the success of a large work
depends upon the workmanship . There is no question
that Aberdeen granite , as also many other sorts of less
impenetrable stones, would be perfectly adequate for the
voussoirs of the proposed arch : but, unless the workmanship be unexceptionable , a failure may take place with
the most correct plans and the best materials.
The great fault which requires notice in the executing
of mason’s work, is the imperfect method too frequently
adopted in dressing the stones ; that is, more particularly,
the forming what are termed lean-beds, in other words
the making the tails or internal ends of the stones half an
inch or an inch thinner than the external ends : this is
done to give the exterior of the work a fair appearance
of remarkably close joints , while the interior hollow
spaces are filled up with thick beds of mortar , slates,
tiles, and other improper substitutes . The injurious
effects which arise from this bad custom in masonry that
has to bear a great strain , (as the voussoirs of arches,)
are sufficiently apparent in some of our own public
works : the practice cannot be too much reprobated , and
should be prevented by the utmost vigilance on the part
of the engineer.
In order to ensure perfect security against this evil, it
is proposed that the voussoirs of the arches in the new
London Bridge shall all be set quite dry, without any
kind of mortar or cement . By adopting this method the
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workmen will be under the necessity of dressing the
stones more accurately ; otherwise, they would not be
able to set them in any decent manner at all. It is
supposed that some of the finest specimens of ancient
masonry now extant , are those which were put together
without mortar or cement : for where these are used, it is
too often to palliate or hide bad w'orkmanship.
As an additional security , it is recommended that the
beds or joints of the voussoirs, which intersect the great
lines of pressure , should be run with lead after the ma¬
sonry is set. The quantity of lead that would be re¬
quired for this purpose would not be so great as many
persons might suppose ; and the expending of three or
four thousand pounds in accomplishing so important an
object ought not to be deemed a useless sacrifice : if the
contractor be compelled to run the joints of his masonry
with an expensive article like lead , he would take espe¬
cial care that the stones should be so well and accu¬
rately dressed , that there should be very little space left
for the melted lead to run in ; and thus every desirable
end will be accomplished.
In this manner an arch of equilibrium might be formed
of the utmost solidity ; it would be from springing to
springing like one continued piece of natural solid rock,
firm and immoveable ; we might apply to it the remark¬
able words of the Roman poet, describing the world,
“ ponderibiis

librata

suis

.”

