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and brown, according to the substances with which
the oxide is combined. We ascribe the yellow co-
leur of the London bricks to the ashes of the coals,

BRI

lT‘m; mathematical theory of the structure of
bridges has been a favourite subject with mecha-
nical philosophers ; it gives scope to some of the
most refined and elegant applications of science
to practical utility ; and at the same time that its
progressive improvement exhibits an example of the
very slow steps by which speculation has sometimes
followed execution, it enables us to look forwards
with perfect confidence to that more desirable state
of human knowledge, in which the calculations of
the mathematician are authorised to direct the ope-
rations of the artificer with security, instead of
watching with servility the progress of his labours.

Of the origin of the art of building bridges a
sketch has been given in the body of the Zncyclo-
peadia ; the subject has been rediscussed within the
last twenty years by some of the most learned anti-
quaries, and of the most elegant, scholars of the age;
but additions still more important have been made to
the scientific and practical principles on which that
art depends; and the principal information, that is
demanded on the present occasion, will be compre-
hended under the two heads of physico-mathematical
principles, subservient to the theory of this depart-
ment of architecture, and a historical account of the
works either actually cxecuted or projected, which
appear to be the most deserving of notice. The first
head will contain three sections, relating respective-
Iy (1) to the resistance of the materials employed, (2)
to the equilibrium of arches, and (3) to the effects of
friction ; the sccond will comprehend (4) some de-
tails of earlier history and literature, (5) an ac-
count of the discussions which have taken place re-
specting the improvement of the port of London,
and (6) a description of some of the most remark-
‘able bridges which have been erccted in modern
times.

Secrioy L—Qf the Resistance of Materials.

The nature of the forces on which the utility of
the substances employed in architecture and carpen-

try depends, has been pretty fully investigated in the

article Syreneri of the Encyclopedia; and the
theory has been carried somewhat further, in the in-
vestigations of a late writer concerning Cohesion
and Passive Strength of materials. Much, however,
still remains to be done; and we shall find many cases,

in which the principles of these calenlations admit

of a more immediate and accurate application to
practice than has hitherto been supposed. It will
first be necessary to advert to the foundation of the
thepr_y in its simplest form, as depending on the at-
tractive and repulsive powers, which balance each
other, in all natural substances remaining in a per-
Toanent state of cobesion, whether as liquids, or as
more or less perfect solids.
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which, by uniting with the peroxides of iron, form a
kind of yeliow ochre, ()
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A. In all homegeneous solid bodies, the vesisianses

%o extension and compression must be initially equal,
and proportional to the change of dimensions.

The equilibrium of the particles of any body re-
maining at rest, depends on the equality of opposite
forces, varying according to certain laws; and that
these laws are continued without any abrupt change,
when any minute alteration takes place in the dis-
tance, is demonstrated by their continuing little al-
tered by any variation of dimensions, in consequence
of an increase or diminution of temperature, and
might indeed be at ence inferred as highly proba-
ble, from the general principle of continuity observ-
ed in the laws of nature. We may, therefore, always
assume a change of dimensions so small, that, as in
all other differential calculations, the elements of the
curves, of which the ordinates express the forces, as
functions of, or as depending on, the distances as ab-
scisses, may be considered as not sensibly differing
from right lines, crossing each other, if the curves be
drawn on the same side of the absciss, in a point
corresponding to the point of rest, or to the distance
affording an cquilibrium; so that the elementary fi-
nite differences of the respective pairs of ordinates,
which must form, with the portions of the two curves,
rectilinear triangles, always similar to each other,
will always vary as the lengths of the clements of
the curves, or as the elements of the absciss, begin-
ning at the point of rest ; and it is obvious that these
differences will represent the actual magnitude of the

resistances exhibited by the substance to extension -

or compression.  (Plate XLIL fig. 1.) ‘

It was on the same principle that Bernoulli long
ago observed, that the minute oscillations of any sys-
tem of bodies, whatever the laws of the forces go-
verning them might be, must uvitimately be isochro-
nous, notwithstanding any imaginable variation of
their comparative extent, the forces tending to bring
them back to the quicscent position being always
proportional to the displacements; and so far'as the
doctrine has been investigated by experiments, its
general truth has been amply confirmed ; the slight
deviations from the exact proportion, which have

been discovered in some substances, being far too’

unimportant io constitute an exception, and-merely
tending to show that these substances cannot have
been perfectly homogeneous, in the sense here attri-
buted to the word. When the compression or ex-

tension is considerable, there may indeed be a sen-

sible deviation, especially in fibrous or stratified sub~
stances ; but this irregularity by no means affects
the admissibility of any of the conclusions which
will be derived from this proposition.

B. The strength of @ block or beam must be reduced
to one half, before its cohesive and repulsive_forces can.
both ke called into action. -

We must suppose the transverse sections of the

' 3R
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Bridge. " body to remain plane and perpendicular to the axis,
o whatever the point may be to which the force is ap-

plied, a supposition which will be correctly true, if
the pressure be made by the intervention of a firm
plate attached to each end, and which is perfectly
admissible in every other case. Now, if the termi-
nal plates remain parallel, it is obvious that the com.
pression or extension must be uniformly distributed
throughont the substance, which must happen when
the original force is applied in the middle of the
block; the centre of pressure or resistance, collect-
ed by the plate, acting like 2 lever, being then co-
incident with the axis. But when the plates are in-
clined, the resistance depending on the compression
or extension-will be various in different parts, and
will always be proportional to the distance from the
neutral point, where-the compression ends and the
extension begins, if the depth of the substance is
sufficient to extend to .this point; consequently the
forces may always be represented, like the pressure
of a fluid, at different depths, by the ordinates of a
triangle ; and their result may be considered as con-
centrated in the centre of gravity of the triangle, or
of such of its portions as are contained within the
‘depth of the substance; and when both extension
and compression are concerned, the smaller force
may be considered as a negative pressure, to be
subtracted from the greater, as is usual when any
ather compound forces are supposed to act on a le-
ver of any kind. Now, when the neutral point is
situated in one of the surfaces of the block, the sum
of all the forces is represented by the area of the
triangle, as'it is by that of the parallelogram when
the plates remain parallel, and these aress being in
either case equivalent to the same external force, it
is obvious that the perpendicular of the triangle must
be equal to twice the height of the parallelogram,
indicating that the compression or extension of the
surface in the one case is twice as great as the equa-
ble compression or extension in the other; and since
there is always ‘a certain degree of compression or
extension which must be precisely sufficient to crush
or tear that part of the substance which is imme-
diately exposed to it, and since the whole substance
must in general give way when any of its parts fail, it
follows that the strength is only half as great in the
‘former case as in the latter. And the centre of gra-
vity of every triangle being at the distance of one-
third of its height from the base, the external force
raust be applied, in order to produce such a com-
_pression or extension, at the distance of one sixth of
the depth from the axis; and when its distance is
greater than this, both the repulsive and cohesive
forces of the substance must he called into action,
and the strength must be still further impaired.
(Phate XLIL fig. 2.) ‘
€. The compression or exiension. of the axis of

' block or beam 15 always proportienal.to the force, re-
duced to the direction of the axis, at whatever distance

it oy be applied.

‘We may suppose one of the inflexible plates, at-
taiched to the extremities of the block, to he con-
tinued te the given distance, and to act as a lever
held in equilibrium by three forces, that is, by the

cohesive and repulsive resistances of the bleck, and Bridge,
the external force: and it is obvious that, as in all e~/

other levers, the external force will always be equal
to the difference of the other two fores depending
on the compression and extension, or to the mean
compression or extension of the whole, which must
also be the immediate compression or extension of
the middle, since the figure representing the forces
1s rectilinear. And the effect will be the same, what-
ever may be the intermediate substances by which
the fo_rce is impressed on the block, whether conti.
nued in a straight line or otherwise. When the force
is obligae, the portion perpendicular to the axis will
be resisted by the lateral adhesion of the different
strata of the block, the compression or extension be-
ing only determined by the portion parailel to the
axis; and when it is transverse, the length of the
axis will remain unaltered. But the line of diree-
tion of the original force must always be continued
till it meets the transverse section at any point of
the length, in order to detexrmine the nature of the
strain at that point. '

D. The distance of the neutral point from the uzxis
of a block or beam s to the depth, as the depth to
twelve times the distance of the force, measured in the
transverse section.

Calling the depth 4, and the distance of the neu~
tral point from the axis z, the resistances may be ex-
pressed by the squares of { a -z and } a—z, which
are the sides of the similar triangles denoting the
compression and extension (Prop. B.); consequently,
the difference of these squares, 2 az, will represent
the external force (Prop. C.). But the distance of
the centres of gravity of the two triangles must al-
ways be £ a; and, by the property of thé lever,
making the centre of action of the greater resistance
the fulcrum, as the external force is to the smaller
resistance, so is this distance to the distance of the
force from the centre of action of the greater resist-

122 &
and adding to this the distance of the centre of ac~

. fex a =z
ance; or 2 ax. (Ql-a_;.z =%a.(~—-__-+.3-)—
) . H

tion from the axis, which must be }a—3% (e +2)
=}a—1} have ——— for the distance, of the
= § & —§ z we have — for the distance. v

force from the axis; whence, calling this distance

L aa
Y, &= —l_é‘—y .

E. The power of a given jforce to crush a block is
increased, by its removal. from the axis, supposing its
direction unaltered, in the same proporiton as the
dapth of the block is increased by the addition of six
times the distance of the point of application of the
Jorce, measured in the transverse section. .

_Since the compression or extension of the axis is
invariable, whatever the distance of the force may
be, that of the nearest surface must be as much
greater, by the properties of similar triangles, as the
half depth, increased by the distance of the neutral

6 e
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in the direction of one of its did%omzls, is fwice as Bridge.

e int, i8 g han that distance itself, that is, in ; ) ol )
midge. point, i greater than ¢ . : great as if the same force were applied in the direction .

=~ the ratio of ¢ + 6y to a,since zistoa as a t0 123

{Prop. D.) and to £ ¢ as a to 6y and the strength i
reduced in the same proportion, as the partial com-
pression or extension, by the operation of a given
force, is increased. (Plate XLIL fig. 3.)

T. The curvatare of the neutral line of @ beam at
any point, produced by a given force, is proportional
to the disiance of the line of direction of the jorce

from the given point of the axis; whalever that direc-"

tion may be. .

Since the distance z of the neutral point from the
axis is inversely as y, the distance of the force, and
the radius of curvature, or the distance of the inter-
section of the planes of the terminal plates from the
neutral point, must be to the distance z as the whole
length of the axis is to the alteration of that length
produced by the compression or extension, it follows
that the radius of curvature must be inversely as the
distance 7, and inversely also as the compression,
and the curvature itself must be conjointly as the
force and as the distance of its application. If the
direction of the force be changed, and the perpendi-
cular falling from the given point of the axis on the
line of the force be now called y, the distance of the
force from the axis measured in the transverse sec-
tion will be increased by the obliquity exactly in the
same ratio as its efficacy is diminished, and the cur-
vature of the neutral line will remain unaltered ; al-
though the place of that line will be a little varied,
until at last it coincides with the axis, when the force
becomes completely transverse : and the radius of
curvature of the axis will always be to that of the
neutral line as the acquired to the original length of
the axis. (Plate XLIL fig. 4.)

G. The radius of curvature of the neutral line is
to the distance of the meutral point as the originel
length of the axis to the alteration of that length ; or

as a certain given quantity to the external force : and .

this quantity has been termed the Modulus of elnsti-
city. '

. . o __ Mz Maa ..
Orriz=M .ﬁandr~7_w1%, as is ob-~

vious from the preceding demonstration ; y being
the distance of the line of the force from the given
point, whatever its direction may be.

H. The flexibility, referred to the direction of the
Jorce, is expressed by umity, increased by twelve
times the square of the distance, divided by that of
the depth.

Making the alteration of the axis unity, the cor-
responding change at the distance y will be to 1 as

2 .
T4+ ytoxz orasl +‘{; to 1, and will consequent-

ty be eqaal to 1 + —2Z (Prop. D.)

When the direction of the force becomes oblique,
the actual compression of the axis is diminished, but
its effect referred to that direction remains unalter-
ed. ' '

1. The total compression of a narrow block, pressed

of the axis. , ,

This proposition affords a simple illustration of the
application of the preceding one.. Calling the length
of any portion of the axis z, beginning from the
middle, and neglecting the obliquity, the distance of
the force may be called y =nz, and the compres-
sion in the line of the force being everywhere as

12nnax and

b
aa

1+ }%—Zﬂ, its fluxion will be dz 4- dx
4%t : '
the fluent x + = which, when y = } ¢, becomes

x4z, whichis twice s great as if 3 were always == 0.
But if the breadth of the block were considerable, so
that it approached to a cube; the compression would.
vary according to a different law, each seetion paral-
lel to the diagonal affording an equal resistance, and
the exact solution of the problem would require

I
an infinite series for expressing the value of fn”du.

K. Ifa solid bur have its axis curced a litile into
a circular form, and an external force be then applied
in the direction of the chord, while the extremities re-
tain their angular position, the greatest compression
or extension of the substance will ultimasely be to the

“mean compression or extension which takes pluck in

“ 16k

“the direction of the chord, as 1 + %]i to I 4

15aa’
being the depih of the bar, and h the actual versed
sine, or the height of the arch.

‘We must here separate the actions of the forces
retaining the ends of the bar into twe parts, the one

simply urging the bar in the direction of the chord,

and the other, which is of a more complicated na--

ture, keeping the angular direction unaltered';'and
we must first calculate the variation' of the angular
situation of the ends; in consequence of tlie bending
of the bar by the first portion, and then the strain
required to obviate that change, by means of a force
acting in the direction of the middle of the bar, while
the ends are supposed to be fixed. If each half of
the bar were rectilinear, these two ‘strains would ob-
viously be equal, and would neutralise each other in
the middle of the halves, which might be considered
as the meeting of the ends of two shorter pieces,
acting transversely or obliquely on each other; with-
out any strain ; the curvature produced by the whole
strain being elsewhere as thé distance from the line
joining these points. But, since the bar is suppesed
to be curved, it becomes necessary to determine. the

. place of these neutral points, by calculating the

change of its angular position throughout. its ex-
tent. ‘
Considering, first, the middle of the bar as fized,
and calling the angular extent of the variable are' z,
beginning from the middle, and the radius r, the or-
dinate y, or the distance of the arc from the chord,
will be r¢x — b, & being the cosine of the whole arc ;
and the fluxion of the change of the angular situa-
tion, being.as the strain and the fluxion of-the arc
conjeintly, will be expressed by proads — pbds, of
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Bridge. which the fluent is prfx ~pbe. Inthe second place,

the curvature derived from the force acting between
the two halves, when the ends are considered as fix-
ed points, will be as » — ¢z, and the fluent of the
change of angular situation may be called ¢ra—

qrrx ; and at the end, when z becomes equal to ¢,

the whole extent of the arc, these two deviatior}s
must destroy each other, since the positions of the
middle and of the ends remain unaltered ; consequent-

. p re—rlc
ly pric — phe = qre — grfc, whence >~ = ———>
yr 7 7 ple—bc
and the exact proportion of p to ¢ may be found, by
means- of a table of sines. But when the arcis

. 1
small, {cbeing equaltoc—Fc®+ 125+ oyre—rle

is £ re?, and r{o—be = (r—b) com Lre®s now r—3,
the versed sine of the arc, becomes ultimately } rc?,
and (r—b) ¢ == § 7¢?; thereforep 1 g== L 1 =41 1;

_ thatis, the strain at the middle, expressed by p,

must be half as great as the strain at the ends, ex-
pressed by ¢ : consequently, when the force is con-
sidered as single, the distance of the line of its direc-
tion from the summit must ultimately be one-third
of the versed sine or height.

Now if we call any portion of the chord x, we have
for the corresponding value of y, the distance from
the line of direction of this force, 4/ (52— a?) —d,
and for the fluxion of the compression or extension in

29y ), which
aa
will be true for both portions of the bar, whether y

be positive or negative; but 3% = r? —z% 4 42—
2dy/ (r*=—a?), and the fluent becomes z +

the directipn of the chord, dx ( 14 !

x
> 1 . 3 4o %% e @d [r? ARC. SINE = —
¥

x4y (r"—-x’)]). When the arc is small, call-
ing the whole versed sine kywe have y= 1 h— 22,
, gh—3,

ket gt |
and y’:%h’-—-;—; ‘4%, and the fluent is « -}

12 ket #F : '
o (-&Iz’x.—s-}r—-{. "O_—ri’)’ but when z becomes

equal to the semichord ¢, % being —g » the expres-

. 12 P 65 cs
sion. becomes ¢ 4~ i it o Y == o
+ 2 (361«2 182 T 02 ) =+
4ct 162% . .
Fan=ctizo which shows the compression or

extension in the line of the chord, while ¢ expresses
, 4

that which the bar would have undergone if it had Brigee
been straight, and the focce had heen immediately ‘s

applied to the axis; the actual change being sreater
16 kA
t5aa

The greatest strain will obvicusly be at the ends,
where the distance from the line of direciion of the
force is the greatest, the compression or exiension
of the surface being here to that of the axis, as ¢

in the proportion of 1 + to 1

4h
Gy te a (Prop. E.)or as 1 +— to 1; consequently
£

the compression or extension in the line of the
chord is to the greatest actual change of the substance

165k . 44
aSI+1'—5—EEt01-|-—Z—.

Thus if the depth ¢« were 10 feet, and the height
or versed sine ~=20, the radius being very large,
the whole compression of the chord would be to the
whole compression of a similar substance, placed in
the direction of the chord, as 5.267 to 1; and the
compression at ithe surface of the ends would be to
the compression of the axis there as g to 1 ; and disre-
garding the insensible obliquity, this compression may
be considered as equal throughout the bar; so that
the compression at the ends will be to the com-
pression of the chord as ¢ to 5.267, or as 17 to 10.

Supposing, for example, such a bar of iron to un-
dergo a change of temperature of $2° of Fahrenheit,
which would naturally cause it to expand or contract
about »5%5 in all its dimensions ; then the length of
the chord, being limited by the abutments, must
now be supposed to be altered ;455 by an external
force; and, at the extremities of the abutments, the
compression and extension of the metal will amount
to about xgh;; 2 change which is equivalent to
the pressure of a column of the metal about 3300
feet in height, since M, the height of the modulus
of elasticity, is found, for iron and steel, to be about
10,000,000 feet; and such would be the addition to
the pressure at one extremity of the abutment, and
its diminution at the other, amounting to about five
tons for every square inch of the section, which
would certainly require some particular precaution,
to prevent the destruction of the stones forming the
abutment by a force so much greater than they are
capable of withstanding without assistance. Should
such a case indeed actually occur, it is probable that
the extremities would give way a little, and that the
principal pressure would necessarily be supported
nearer the middle, so that there would be a waste of
materials in a situation where they could co-operate
but imperfectly in resisting the thrust; an inconve-
nience which would not occur if the bar were made.
wider and less deep, especially towards the abut-
ments.

Secrion IL—Of the Equilibrium of Arches.

We may now proceed to inquire into the mode of
determining the situation and properties of the curve
of equilibrium, which represents, for every part of &
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and of the whole weight of each block. And if we Bridge.

ways that this curve is as much an imaginary line, as

the centre of gravity is an imaginary point, the forces -

being no more actually collected into such a line
than the whole weight or inertia of a body is col-
lected in its centre of gravity. Indeed, the situa-
tion of the curve is even less definite than that of the
centre of gravity, since in many cases it may differ
a little according to the nature of the co-operation
of the forces which it is supposed to represent. In
reality, every gravitating atom entering the struc-
ture must be supported by some forces continued in
some line, whether regular or irregular, to the fixed
points or abutments, and every resisting atom par-
takes, in a mathematical sense, either positively or
negatively, in transmitting a lateral pressure where
it is required for supporting any part of the weight:.
and when we attempt to represent the result of all
these collateral pressures by a simple curve, its situ-
ation is liable to a slight variation, according to- the
direction in which we suppose the co-operating
forces to be collected. If, for instance, we wished
to determine the stability of a joint, formed in a
given directiom, it would be necessary to consider
the magnitude of the forces acting throughout the
extent of the joint in a direction perpendicular to its
plane, and to collect them into a single result, and
it is obvious that the forces, represented by the vari-
ous elementary curves, may vary very sensibly in
* their proportion, when we consider their joint opera-

tion on a vertical or on an oblique plane; although
if the depth of the substance be inconsiderable, this
difference will be wholly imperceptible, and in prac-
tice it may generally be neglected without inconve-
nience ; calculating the curve upon the supposition
of a series of joints in a vertical direction. If, how-
ever, we wish to be very minutely accurate, we must:
attend to the actual direction of the joints in the de-
termination of the curve, and must consider, in the,
case of a bridge, the whole weight of the structure
terminated by a given arch stone, with the materiais
which it supports, as determining the direction of
the curve of equilibrium where it meets the given
joint, instead of the weight of the materials termi-
nated by a vertical plane passing through the point
of the curve in question, which may sometimes be
very sensibly less; this consideration being as neces-
sary for determining the circumstances under which
the joints will open, as for the more imaginary pos-
sibility of the arch stones sliding upwards or down-
wards. But we may commonly make a sufficiently
accurate compensation. for this difference, by sup«
posing the specific gravity of the materials producing
the pressure, and the curvature of the line which
terminates them, to be a little increased, while the
absciss remains equal to that of the cwrve of equili-
brium interseeting the joints.

L. If two equal parallelepipeds be supported cach
at one end, and lean against each other of the other,
to as to remain horizontal, the curve of equilibrium,
representing the general effect of the pressure transe
mudted through them, will be of a parabolic_form.

The pressure of the blocks, where they meet, will
obviouslybe horizontal, but at the other ends itwill be
oblique, being the result of this horizontal pressure

imagine the blocks to be divided into any number of
parts, by sections paralle]l to the ends, which is the
only way in which we can easily obtain a regular re-
sult, it is evident that the force exerted at any of.
these sections, by the external portions, must be suf-
ficient to support-the lateral thrust and the weight
of the internal portions; and its inclination must be
such that the horizontal base of the triangle of
forces must be to the vertical perpendicular as
the lateral thrust to the weight of the internal
portion;. or, in other words, the lateral thrust re~
maining coustant, the weight supported will be as
the tangent of the inclination. But calling the hori-
zontal absciss z, and the vertical ordinate y, the tan~

gent of the inclination will be %% ;. which, in the case
of a parallelepiped, must be proportional to the dis-

tance x from the contiguous ends; and z = %%Z;
consequently zdz=mdy, and'} z* == my, which ié tle
equation of a parabola. 1t is usual in such cases to
consider the thrusts as rectilinear throughout, and
as meeting in the vertical line passing through the
centre of gravity of each block; but this mode of
representation is evidently only a convenient corapen--
dium. : '

If the blocks were united together.in the middle, so-
as to form a single bar or lever, the forces would be
somewhat differently arranged; the upper half of the
bar would contain a series of elementary arches,
abutting on a series.of similar elementary chains in
the lower half, so as to take off all lateral thrust from.
the supports at the ends.

With respect to the transverse strains of levers in
general, it may be observed, that the most convenient
way of representing them is to consider the axis of
the lever as composed of a series of elementary bars,
bisected, and crossed at right angles, by as many
others extending across the lever, or rather as far as
two-thirds of the half depth on each side, where the
centre of resistance is situated.. The transverse
force must then be transmitted unaltered throughout.
the whele system, acting in ‘contrary directions at
the opposite ends of each of the elementary bars

_constituting the axis ; and it must be held in equili-

brium, with respect to each of the centres, consider-
ed as a fulerum, by the general result of all the cors.
puscular forces acting on the longer cross arms;
that is, by the difference of the compression or-
extension on the different sides of the arms.
This difference must therefore be constant; and in-
all such cases the strain or- curvature must increase
uniformly, and its fluxion -must be constant; but -if
the transverse force be variable, as when the lever:
supports its own weight, or any further external
pressure, the fluxion of the curvature must be pro-
portional to-it. Now the transverse force, thus es-
timated, being the sum of the weights or other forces
acting oh either side of the given point, the addis
tional weight at the point will be represented by the
fluxion of the weight, or by the second fluxion of*
the strain. or curyature, which is ultimately as the
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‘Bridges  fourth Aluxion of the ordinate. Also, the fluxion of

the strain being as the whole weight on each side,nit
follows that when the strain is a maximum, and its
fuxion vanishes, the whole weight, or the sum of
the positive and negative forces on either side, must
also vanish ; as Mr Dupin has lately demonstrated in
a different manner.

M. In every structure supporizd by a&zgimqn'ts,_f}ze
tangent of the inclination of the curve of equilibrium
{0 the horizon s proportionsl io the weight of the
parts interposed between the given point and ihe mid-
dle of the structure. :

The truth of this proposition depends on the equa-~
lity of the horizontal thrust throughout the struc-
ture, from which it may be irmmediutely inferred, as
in the last propositiog. The materiais employed for
making bridges are not uncommonly such, as to
create a certain degree of lateral pressure on the
outside of the arch; but as there must be a similar
and equal pressure in a contrary direction against
the abutment, its effects will be comprehiended in the
determination of the point at which the curve springs
from the abutment, as well as in the direction of the
curve itself'; so that the circumstance does not afford
any exception to the general truth of the law. It is,
however, seldom necessary to .include the operation
of such materials in our calculations, since. their la-
teral pressure has little or no effect at the upper
part of the arch, which has the greatest influence on
the divection of the curve; and it is alse desirable
to avoid the unnecessary employment of these soft
materials, because they tend to increase the horizon-
tal thrust, and to raise it to a greater height above
the foundation of the abutment. ‘

‘We-have therefore generally fwdx:mt:m%,
w being the height of uniform matter, pressing on
the arch at the horizontal distance & from the ver-
tex, ¢ the tangent of the inclination of the curve of
equilibrium, y its vertical ordinate, and m a quantity
proportional to the lateral pressure, or horizental
thrust, o

N. The radius of curvature of the curve of equili-
brium is inversely as the load on each part, and di-
rectly as the cube of the secant gof the angle inclination
to the horizon.

The general expression for the radius of curvature
(d=)®

P d%i_y; and here, since mdy = defwds, dz

being constant, md?y = w (dz)? ; but dz being =

3 dz)2 i 3
dx«/(1+t2},%é2— :%(1 +-£2), andr:Z}-z-u +8)%;

and i being constant, » is inversely as the load w,
and directly as the cube of the secant /(1 4#%). The
same result may also be obtained from a geometri-
cal counsideration of the magnitude of the versed sine
of the elementary arc, and the effect of the obliqui-
ty of the pressure; the one varying as the square of
the secant, the other as the secant simply.

Q. Consequently, if the curve be circular, the lpad
must be everywhere as the cube of the secant.

P, If the curve of equilibrium be parabolic, the
load must be uniform throughout the span.

s r=

(Prop. L.} The uniformity of the load implies -Bridge.

that the superior and inferior terminations of the
arch, commonly called the extrados and intrados,
should be parallel: but it is not necessary that
cither of them should be parabolic, nnless we wish
to keep the curve exactly in the middle of the whole
structure, When the height of the load is very
great in proportion to that of the arch, the vurve
must always be nearly parabolic, because the form
of the extrados has but little comparative effect on
the load at each point.

A parabola will therefore express the general
form of the curve of equilibrium in the flat bands of
brick or stone, commonly placed over windows and
doors, which, notwithstanding their external form,
may very properly be denominated flat arches. But
if we consider the direction of the joints as perpen-
dicular te the curve, it'may easily be shown, from
the properties of the wedge, that they must tend to
a common axis, in order that the thrust may be
equal throughout ; and the curve must be perpendi-
cular to them, and consequently cireular; but the
difference from the parabola will be wholly incon.
siderable.

Q. For a horizontal exivados, and an intrados ter-
minated by the curve itself, whick, however, is a sup-
position merely theoretical, the equation of the curve

is o=z o/ mur LTNVAII T * v’(‘_zyy«aa).

Since in this case w=y (Prop. M.) we have fyda:
a ' ,

-(% ; and md? =y (dr)%; whence, multiplying

both sides by dy, we have mdyd2y == ydy(dz)?; and,

taking the fluent, L m (dy)?=1%y?(d2)% and mi®=3?%,

which must be corrected by making y=a when ¢

vanishes, so that we shall have mi? = 3?—qo? and

=m

dyy —_—
= 2 2 inee L ==t — .y,_y_,___t_l__)
.y..}«/(a - mi?). But sinee ] -—t-—~’(« o ’

7 2 rd and » = 4/ mHL

(y + o [yt~ a’]) ~— 4/ muLe; whence all the

points of the curve may be determined by means of a
table of logarithms. But such a calculation is by no
means so immediatelyapplicable to practice, as bas ge-
nerally been supposed ; for the curve of equilibrium
will always be so distant from the intrados at the
abutments, as to derange the whole distribution of
the forces concerned., .

R. For an arch of eguable absolute thickness
throughout its length, the equation is z==a/(y* — %)

Y+ (gy—mm)

dr = dy »/

and £=mHL T
The weight of any portioh of the half arch being

d
represented by its length z, we have z:m-‘%; but
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It is also obvious, that if we subtract, instead of Bridge.

dz dz

; and dyz T = V,_._..i._.__, . )
- , mm {#z -+ mm), of which the
v+ 22 ) ' ’

fluent is 4/ (2% 4 m?), requiring no further correction

-than to suppose y initially equal to m; and we have
“

wz= 4/ (' —m2). Again, since dz=dzx »/( 1+ ;;%

we find in the same manner dz=—= V@ﬁ%z—)’ and

&:mHL (z T )—-—anLm:mHLi;Et-y'

_This curve will, therefore,-in some cases, be identi-

gal with that of the preceding proposition. It is

- commonly called the catenaria, since it represents

the form in which a perfectly flexible chain of
equable thickness will hang by its gravity.

S. Ifthe load on each point of an arch be express-
ed by the equation w=a - ha?, the equation for the

curve of equilibrium will be my = % az® 4 ;—2- bat.
_. Since the whole load fwdx is here az - § ba°, we

have m %‘Z:aw + } 62, (Prop. M.} and my = § as?

1.4

17 bat,

This expression will, in general, be found suffi-
ciently accurate for calculating the form of the curve
of equilibrinm in practical cases; and it may easily
be made to comprehend the. increase of the load
from the obliquity of the arch-stones. The ordinate
¥, at the abutment, being given, the value of 7 may
be deduced from it : and since at the vertex my is
simply §aa?, the radius of curvature » will here be

xx m

éfy = -(-z—,-- ' ‘
T. If we divide the span of an arch into four equal

4

parts, and edd to the weight of onc of the middle

parts one-sizih of tis difference from the weight of one
of the extreme parts, we shall have o reduced weight,
whick will be ta the lateral thrust as the height of the
arch to half the span, without sensible error.

_ The weight of the half arch being expresse(i by
dx - % 02® when z is equal to the whole span, if we

substitute x for § «, it will become § az -H)% 523, for
one of the middle parts, leaving J; ax +§7Z.bx3’ for the

extreme part, which gives —2—615353 for the difference of

the parts, and § of this, added to the former quanti-

. 1 . '
ty makes it oz +I—§bx3 : but since my :.:ﬁax’—{-rlébxg ‘

1,0
%ax+126x

dividing by mz, we have %:: —

adding, one-sixth of the difference, we have }az;
and dividing by £ «, we obtain z, and thence r== ,
. Q

m being previously found by the proposition.
U. When the load is terminated by a circular “or
elliptical arc, w = @& 4 nb—n 4/ (3*—s?), and my =

5 (e -+ nb) 2®—} nb%x anc sive %——%nég‘) (PPm®) -
%n(b”-—'-aﬁ)% 43 nb?. |
The whole load fwdx is here ax +‘.ni;.z — % nh2
ARC SINE %—% nx o/ (h%—a?); and’ hence m_y:
4 aa? 4 % nba? =} nb%z ARC SINE % +7} nl® -—

Fnbty (B2—a?) + En ((,2’.__;52)%._. Fnb (Prbp;.. M.)

And the radius of curvature at the vertex will again -

be - When the curve is circular, the axes of the

ellipsis being equal, » = 1.
If the extrados and intrados are concentric, the

calculation requires us to take the difference between -

the results determining the weight for each curve:

but it will commonly be equally accurate in such a

case, to consider the depth of the load as uniform,
at least when the joints are
radii.

in the direction of the :

X. The abutment must be kigher without than with- .
in, by a distance, whick is to is breadth, as the hori=.
zontql distance of the centre of gravity of the half arch -

Jrom the middle of the abutment is to the height of the -

middle of the key-stone above the sume point.

This proposition follows . immediately from the -
proportion of the horizontal thrust to the weight, .
determined by the property of the lever; the one .

acting at the distance of the height of the arch from

the fulcrum, and the other at the distance of the -

centre of gravity from the abutment, so as to ba-

lance each other; and the oblique direction of-the -
face ‘of the abutment being perpendicular to the .
thrust compounded of these two forces.. The same .
rule also serves for determining the proper position .
of the abutment of a beam or rafter of any kind, in

order that it may stand securely, witheut the assist-’
ance of friction. But for a bridge, if we caleulate
the situation of the curve of equilibrium, we obtain

the direction of the thrust at its extrexity more con- .

veniently, without immediately determining the place
of the centre of gravity. '

Y. In order that an arch may stand without, fric= .
tion or cokesion, a curve of equilibrium, perpendicular .

to all the surfuces of the joints, must be capable of be<
ing drawn within the substance of the blocks. .

If the pressure on each joint be not exactly per-
pendicular to the surfaces, it cannot be resisted withe

503
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Bridge. out friction, and the parts must slide on each other:
Lo ~~» ihis, however, is an event that can never be likely to

occur in practice. But if ‘the curve, 1'_epresenting
the general pressure on any joint, be directed to a
point in its plane beyood the limits of the substance,
the joint will open at its remoter end, unless it be
secured by the cohesien of the ccments, and the
structure will either wholly fall, or contivue to stand
in a new form. (Plate XLIL fig. 5.)

From this condition, together with the determina-
tion of the direction of the joints already mentioned
(Prop. P.), we may casily find the best arrangement
of the joints in a flat arch; the cbject, in such cases,
being to diminish the lateral thrust as much as pos-
sible, it is obvious that the common centre of the
joints must.be brought as near to the arch as is
compatible with the condition of the circle remain-
jng within its limits; and it may even happen that
the superincumbent materfals would prevent the
opening of the joints even if the centre were still
nearer than this: but if, on the other hand, the
arch depended only on its own resistance, and the
materials were in any danger of being crushed, it
would be necessary to keep the circle at some little
distance from its surfaces, even at the expence of
somewhat increasing the lateral pressure.

When the curve of equilibrium touches the intra-
dos of an arch of any kind, the compression at the
surface must be at least four times as great.as if it
remained in the middle of the arch-stones (Prop. E.3,
and still greater than this if the cohesion of the ce-
ments is called into action. In this estimate we
suppose the transverse sections of the blocks inflexi-
.ble, so as to cooperate throughout the depth in re-

_sisting the pressure on any-point; but in reality this

cooperation will be confined within much narrower
limits, and the diminution of strength will probably
be censiderably greater than is here supposed, when-
ever the curve approaches te the intrades of the
arch. , ’

The passage of the curve of equilibrium through
the middle of each block is all that is necessary to
insure the stability of a bridge of moderate dimen-
sions'and of sound materials. Its strength is by no
means. increased, like that of a frame of carpentry,
or of a beam resisting a transverse force, by an in-
crease of its depth in preference to any other of its
dimensions : a greater depth does, indeed, give it a
power of effectually resisting a greater force of ex~
ternal pressure derived from the presence of any oc-
casional load on any part of the structure; but the
magnitude of such a load is seldom very consider-
able, in proportion to the weight of the bridge.

1t is of some importance, in these investigations,
to endeavour to trace the successive steps by which
the fabric of a bridge may commonly be expected
to fail. Supposing the materials to be too soft, or
the abutments insecure, or any part of the work to
be defective, and to afford too little resistance, the
length of the curve of the arch being diminished, or
its chord extended, it will become flatter, and, con-
sequently, sink ; the alteration being by far the great-

est, if other things are equal, where the depth is the

least, that is, near the crown or key-stone; so that
if the curvature was, at first, nearly equal through.

out, the crown will sink so much as to cause a ra- Bridge,
pid increase of curvature on each side in its imme. o~~~

diate neighbourhood, which will bring the intrados
up to the curve of equilibrium, or even ahove it, the
form of this curve being little altered by the change
of that-of the arch. The middle remains firm, be-
cause the pressure is pretty equally divided through.
out the blocks, but the parts newly bent give way
to the unequal force, and chip a little at their inter-
nal surface; but being reduced in their dimensions
by the pressure, they suffer the middle to descend
still lower, and are, consequently, carried down with
it, so as to be relieved from the inequality of pres-
sure depending on their curvature, and to transfer
the effect to the parts immediately beyond them, till
these in their turn crumble, and by degrees the
whole structure falls. -(Plate XLII. fig. 6.)

This explanation will enable us to understand
some observations and experiments which the late
Professor Robison has related as somewhat para.
doxical. He says, that an arch built « of an ex-
ceedingly soft and friable stone,” the arch-stones be-
ing also too short, began to show signs of weakness
by the stones chipping about ten feet from the mid-
dle, and that it afterwards split at the middle, and

. fifteen or sixteen feet on each side of it, and also at

the abutments. And in some experiments on meo-
dels of arches in chalk, he found, that ¢ the arch
always broke at some place considerably beyond
another point, where the first chipping had been
observed ;” a circumstance which he has not succeed-
ed in sufficiently explaining.

Secriow HI,—0Of the Effect of Friction.

The friction or adhesion of the substances, eme
ployed in Axchitecture, is of the most material con-
sequence, for insuring the stability of the works
constructed with them; and it is right that we should
know the extent of its operation ; it is not, however,
often practically necessary to calculate its exact
magnitude, because it would seldom be prudent to
rely materially on it, the accidental circumstances
of agitation or moisture tending very much to dimi-
nish its effect. Nor is the cohesion of the cements
employed of much further consequence than as en~
abling them to form a firm connexion, by means of
which the blocks may rest more completely on each
other than they could do without it; for we must
always remember, that we must lose at least half of
the strength, before the cohesion of the solid blocks
themselves, in the direction of the arch, can be call-
ed into action, and at least three fourths before the
joints will have any tendency to open throughout
their extent.

Z. The joints of an arch, composed of materials
subject teo friction, may be situated in any direction
Lying within the limits of the ‘angle of repose, on
either side of the perpendicular to the curve of equi- -
librium ; the angiz of repose being equal to the in-
clination to the horizon at whick the materials begin
to slide on each other ; and the direct friciion being
to the pressure as the tangent of this angle is to the
radius.

It is obvious, that any other force, as well as that
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Budge. of gravity, will be resisted by the friction or adhe-
o ~ar sion of the surfaces when its direction is within the

305
serves, that the arch was generally considered as the Bridge.
invention of Demaocritus, a Philosopher who lived ~

Limits of the angle at which the substances begin to
slide; and it may be inferred from the experiments
of Mr Coulomb and Professor Vince, that this angle

is constant, whatever the magnitude of the force may '

be, since the friction is very nearly proportional to
the mutual pressure of the substances. The ten-
dency of a body to descend along any plane being
as much less than its weight as the height of the
plane is less than its length, and the pressure on the
plane being as much less than the weight as the length
is greater than the horizontal extent, it follows, that,
when the weight begins to overcome the friction, the
friction must be to the pressure as the height of the
plane to its horizontal extent, or as the tangent of
the inclination to the radius.

This property of the angle of repose affords a very
easy method of ascertaining, by a simple experi-
ment, the friction of the materials employed: taking,
for example, a cemmon brick, and placing it, with
the shorter side of its end downwards, on another
which is gradually raised, we shall find that it will
fall over without beginning to slide ; and when this
happens, the height must be half of the horizon-
tal extent, a brick being twice as long as it is
broad : in this case, therefore, the friction must be
at least half of the pressure, and the angle of repose
at least 30°; and an equilateral wedge of brick could
not be forced up by any steady pressure of bricks
acting against its sides, in a direction parallel to its
base. But the effects of agitation would make such
a wedge totally insecure in any practical case ; and
the determination only serves to assure us, that a
very considerable latitude may be allowed to the
joints of our materials, when there is any reason for
deviating from the proper direction, provided that
we be assured of a steady pressure; and much more
in brick or stone than in wood, and more in wood
than in iron, unless the joints of the iron he secured
by some cohesive' connexion. It may also be in-
ferred from these considerations, that the direction
of the joints can never determine the direction of
the curve of equilibrium crossing them, since the
friction will always enable them to transmit the
thrust in a direction varying very considerably from
the perpendicular; although, with respect to any
particular joint, of which we wish to ascertain the
stability independent of the friction, it would be de-
sirable to collect the result of the elements, of which.
that curve is the representative, with a proper re-
gard to its direction.

SecrioN IV.—Earlier Historical Details.

The original invention of arches, and the date of
their general adoption in architecture, have been
discussed with great animation by the late Mr King,
Mr Dutens, and several other learned antiquaries.
Mr King insisted that the use of the arch was not
more ancient than the Christian era, and considered
its introduction as one of the most remarkable events
accompanying that memorable period. Mr Dutens
appealed to the structure of the cloacz, built by the
Tarquins, and to the authority of Seneca, who ob-

VCL. Il PART II.

some centuries before Christ, but that, in his opi-
nion, the simplicity of the principle could not have
escaped the rudest architect; and, that long before
Democritus, there must have been both bridges and
doors, in both of which structures the arch was com-~
monly employed. There do indeed appear to be
solitary instances of arches mere ancient than the
epoch assigned by Mr King to their invention, We
find arches concealed in the walls of some of the
oldest temples extant at Athens; the cloace are
said to be arched, not at the opening into the Tiber
only, but to a greater distance within it than is likely
to bave been rebuilt at a later period for ornament;
and the fragments of a bridge, still remaining at

- Rome, bear an inscription which refers its erection

to the latter years of the Commonwealth. But it
seems highly probable, that almost all the covered
ways, constructed in the earlier times of Greece and
Rome, were either formed by lintels, like doorways,
or by stones overhanging each other, in horizoiital
strata, and leaving a triangular aperture, or by both

these arrangements combined, as is exemplified in

the entrance to the treasury of Atreus at Mycenz,
where the lintel has a triangular aperture over it, by
which it is relieved from the pressure of the wall
above ; and this instance serves to show how. differ-
ent the distribation of the pressure on any part of
a structure may be, from the simple proportions of
the height of the materials above it. Some other
old buildings, which have been supposed to be arch-
ed, have been found, on further examination, rather
to resemble domes, which may be built without
centres, and may be left open at the summit, the
horizontal curvature producing a transverse pressure,
which supports the structure without an. ordinary
key-stone.  And this has been suspected to be the
form of the roofs and ceilings of ancient Babylon,,
where Strabo tell§ us that the buildings were arched

“over or * camerated,” for the purpose of saving tim-

ber: and the bridge of Babylon, which must have
been of considerable antiquity, is expressly said, by
Herodotus, to have consisted of piers of stone, with
a road formed of beams of wood only.- It may how-
ever be rejoined, that though a dome’ is not simply
an arch, yet it exceeds it in contrivance and mecha-
nical complication ; it generally exerts a thrust, and

requires either an abutment, or a circular tie ; and it.”

is scarcely possible that the inventor of a dome should:
not have been previously acquainted with the con-
struction of a common arch. Besides the term:
CAMARA, the Greeks had also psaLis, apsis, and:

THOLUS ; the last was particularly appropriate to.
circular domes ; but the variety of appellations seems.

to prove that the thing must have been perfectly
familiar ; and the term psALIs is supposed. to have.
been applied from the appearance of the wedged
arch-stones, viewed in their elevation, which could:
not have been observable in a dome of any kind.
From these outlines of the origin of the art of
building bridges, we may pass on rapidly to the
latest improvements which have been made, in Great
Britain, and on the Continent, in the practice of this
department of architecture, A very ample detail of
3s
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Bridge. the most inportant operations, that are generally re-
o~~~ quired to be performed in it, may be found in the

numerous Reports of the ingenious Mr Smeaton,
published since his death by the Society of Civil
Engineers in London. They contain 2 body of infor-

_mation comprehending almost every case that can

occur to a workman, in the execution of such strue-
‘tures; and even where they have to record an acci-
dental failure, the instruction they afford is not less
wvaluable than where the success has been more com-
plete. -
Respecting the general arrangement of a bridge,
and the number of arches to be employed, in the
case of a wide river, Mr Smeaton has expressed his
approbation of a few wide and flat arches, supported
by good abutments, in prefe_rence to more numerous
piers, which unnecessarily interrupt the water-way.
In a case where a long series of small arches was re-
quired, he has made them so flat, and the piers so
slight, that a single pier would be incapable of with-
standing the thrust of its arch: but in order to
avoid the destruction of the whole fabric in case of
an accident, he has intermixed a number of stronger
piers, at certain intervals, among the weaker ones.
‘Where several arches, of different heights, were re-
quired, he commonly recommended differént portions
of the same circle for all of them ; 2 mode which ren-
dered the lateral thrust nearly equal throughout the
fabric, and had the advantage of allowing the same
centre to be employed for all, with some little addi-
tion at the ends to adapt it to the larger arches.
He records the case of Old Walton bridge, in which
the wooden superstructure had sunk two feet, so as
to become part of a circle 700 feet in diameter, and
the thrust, thus increased, had forced the piers con-
siderably out of their original situation: a striking
proof that the principles of the pressure of arches
must not be neglected, even when frames of cars
pentry are concerned. s
Mr Smeaton particularly describes the inconve-
niences arising from the old method of laying the
foundations of piers, which was introduced soon
after the Conquest, and which is particularly ex-
empliied in London Bridge. The masonry com-
mences above low water mark, being supported on
piles, which would be-exposed to the destructive al-
ternation of moisture and dryness, with the access of
air, if they were not defended by other piles, form-
ing projections partly filled with stone, and denomi-
nated sterlings; which, in their turn, occasionally
require the support and defence of new piles sur-
rounding them,- since they are not easily removed
when they decay ; so that, by degrees, a great inter-
ruption is occasioned by the breadth of the piers,
thus augmented, requiring, for the transmission of
the water, an increase of velocity, which is not only
inconvenient to the navigation, but also carries away
the bed of the river under the arches, and immedi-
ately below the bridge, making deep pools or exca.
vations, which requirg from time to time te be filled
up with rubble stones; while the materials, which
have been carried away by the stream, are deposited
a little lower down in shoals, and very much intex-
fere with the navigation of the river., From these
circumstances, as well as from the effects of time and

decay, it has happened, according to late reports, Bridge,
that the repairs of London Bridge have often amount.- N, iy

ed, for many years together, to L. 4000 a year, while
those of Westminster and Blackfriars Bridges have
not cost so many hundreds. It is true, that the fal]
produces a trifling advantage in enabling the London
water-works to employ more of the force of the tide
in raising water for the use of the city; and this
right, being established as a legal privilege, has lon,
delayed the improvements, which might otherwise
have been attempted, for the benefit of the naviga-
tion of the river. The interest of the proprietors of
the water-works has been valued at 1..125,000; and it
has been estimated that 1. 50,000 would be required
for the erection of steam-engines to supply  their
place; while, on the other hand, it is said that from
thirty to forty persons, on an average, have perished
annually from the dangers of the fall under the
bridge. (Plate XLIIL fig. 7, 8.)

But Mr Smeaton, as well as his predecessor My
Labelye, appears sometimes to have gone into a con-
trary extreme, and to have been somewhat too spar-
ing in the use of piles. It is well known that the
opening of Westminster Bridge was delayed for two
years on account of the failure of a pier, the founda-
tion of which had been partly undermined by the in-
cautious removal of gravel from the bed of the river,
in its immediate neighbourhood; a circumstance
which would scarcely have occurred if piles had
been more freely employed in securing the founda-
tion. The omission, however, did not arise from-a
want of a just estimate of the importance of piles in
a loose bottom, but from a confidence, founded on
examination as the work advanced, that the bed of
the river was already sufficiently firm. Mr Smeaton
directed the foundations of Hexham Bridge to be
laid, as those of Westminster Bridge had been, by
means of caiszons, or boxes, made water-tight, and .
containing the bottom of the pier, completed in ma-
sonry well connected together, and ready to be de-
posited in its proper place by lowering the caissons,
and then detaching the sides, which are raised for
further use, from the bottoms, which remain fixed as
a part of the foundations immediately resting on the
bed of the river, previously made smooth for their
reception, and sometimes also rendered more firm by
piles and a grating of timber. By a careful exami-
nation of the bottom of the river at Hexham, Mr
Smeaton thought he had ascertuined that the stratum
of gravel, of which it consisted, was extremely thin,
and supported by a quicksand, much too loose to
give a firm hold to piles, while he supposed the gra-
vel strong enough to bear the weight of the pier, if
built in a caisson. The bridge was a handsome edi-
fice, with elliptical arches, and stood well for a few
years; but an extraordinary flood occurred, whicl
caused the water to rise five feet higher above than
below the bridge, and to flow through it with so
great a velocity, as to undermine the piers, ar{d
cauge the bridge to divide longitudinally; and fall in
against the stream; a circomstance so much the
more mortifying to the eminent engineer who had
constructed it, as it was the only one of his works
that, < in a period of thirty years,” had been known
to fail. It was observed that some of the piers,
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the abutments, as well as a transverse thrust against Bridge.

Bridge. which had been built in coffer-dams, with the assist- -

ance of some piles, withstood the violence of the
flood ; and it is remarkable, that the whole bridge
has been rebuilt by a provincial architect with per-
fect success, having stood without any accident’ for
many years.

It seems, therefore, scarcely prudent to trust any
very heavy bridge to a foundation not secured by
piles, unless the ground on which it stands is an ab-
solute rock ; and in this case, as well as when piles
are to be driven and sawed off, it is generally neces-
sary to have recourse to a coffer-dam. In the in-
stance of the bridge at Harraton, for example, where
the rock is nine feet below the bed of the river, Mr
Smeaton directs. that the piles forming the coffer-
dam be rebated into each other, driven down to the
rock, and secured by internal stretchers, before the
water contained within them is pumped out. In
some cases, a double row of piles, with clay between
them, has been employed for forming a coffer-dam ;
but in others it has been found more convenient to
drive and cut off the piles under water, by means of
proper machinery, without the assistance of a coffer.
dam.

Piles are employed of various lengths, from 7 to
16 feet or more, and from 8 to 10 inches in thick-
ness, and they are commonly shod with iron. Smea-
ton directs them to be driven till it requires from 20
to 40 strokes of the pile driver to sink them an inch,
according to the magnitude of the weight, and the
firmness required in the work. He was in the habit
of frequently recommending the piles surrounding
the piers to be secured by throwing in rubble stone,
so as to form an inclined surface, sloping gradually
from the bridge upwards and downwards. In the
case of Coldstream Bridge, it was also found neces-
sary to have a partial dam, or artificial shoal, thrown

across the river a little below the bridge, in order.

to lessen the velocity of the water, which was cut-
ting up the gravel from the base of the piles. But
all these expedients are attended with considerable
inconvenience, and it is better to avoid them in the
first instance by leaving the water-way as wide and
as deep as possible, and by making the foundations as
firm and extensive as the circumstances may require.

The angles of the piers, both above and under
water, are commonly rounded off, in order to facili-
tate the passage of the stream, and to be less liable
to accidental injury. Mr Smeaton recommends a
cylindrical surface of 60° as a proper termination

and two such surfaces, meeting each other in an

angle, will approach to the cutline of the head of a
ship, which is calculated to afford the least resist-
ance to the water gliding by it.

We find that, in the year 1769, the earth, employ-
ed for filling up the space between the walls of the
North Bridge in Edinburgh, had forced them out,
80 as to require the assistance of transverse bars and
buttresses for their support., In the more modern
bridges, these accidents are prevented by the em-
ployment of longitudinal walls for filling up the
haunches, with flat stones covering the intervals be-
tween them, instead of the earth, or the more solid
materials which were formerly used, and which pro-
duced 2 greater pressure both on the arch and on

the side walls. For the inclination of the road pass-
ing over this bridge, Mr Smeaton thought a slepe of
1 in 12 not too great; observing that horses cannot
trot even when the ascent is much more gradual than,
this, and that if they walk, they can draw a’carriage
up such a road as this without difficulty: and, in-
deed, the bridge at Newcastle, appears, for a shert
distance, to have been much steeper. But it has
been more lately argued, on another occasion, that
it is a great inconvenience in a crowded city, to have
to lock the wheel of a loaded waggon ; that this is-
necessary at all times on Holborn Hill, where the
slope is enly 1 in 18 ; while in frosty weather this
street is absolutely impassable for such carriages =
and the descent of Ludgate Hill, which is only 1 in 86,
is considered as much more desirable, when it is pos-
sible to construet a bridge with an acclivity so gentle.

SEcTION V.—Improveme;zts of the Pori of London.

From the study of Mr Smeaton’s diversified la~
bours, we proceed to take a cursory view of the Par-
liamentary Inquiry respecting the improvement of the
Port of London, which has brought forwards a va-
riety of important information, and suggested a mul-
tiplicity of ingenious designs. The principal part of
that which relates to our present subject is contain-
ed in the Second and Third Reports from the Select
Committee of the House of Commons, on the im-
provement .of the Port of London ; ordered to be
printed 11th July 1799, and 28th July 1800.

We find in these Reports some interesting details
respecting the history of London Bridge, which ap-
pears to have been begun, not, as Hume tells us, by
William Rufus, who was killed in 1100, butin 11786,
under Henry II.; and to have been completed in
83 years. The piles are principally of elm, and
they have remained for six -centuries without mates
rial decay; although a part of the bridge fell, and
was rebuilt about 100 years after it was begun.
Rochester, York, and Newcastle Bridges were also
built.in the twelfth century, as well as the Bridge of
St Esprit at Avignon. About 50 years ago, the
middle pier of London Bridge was removed ; the
piles were drawn by a very powerful screw, com-
monly used for lifting the wheels of the water-works ;
and a single arch was made to occupy the place of
two. In consequence of this, the fall'was somewhat
diminished, and.it was necessary partially to ob-
struct the channel again, in order that the stream
should have force enough for the water-works ; but
it was very difficult to secure the bottom from the ef-
fects of the increased velocity under the arch. - Se-
veral strong beams were firmly fixed across the bed
of the river, but only two of them retained their si-
tuations for any length of time; and the materials
carried away had been deposited. below the middle
arch, o as to form a shoal, which was only 16 inches
below the surface at low water. The Reports con-
tain also much particular information - respecting
Blackfriars Bridge, the piles for which were driven
under water, and cut off level with the bed of the
foundations, by a machine of Mr Mylne’s invention.
The expense of Blackfriars Bridge, including the
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"= the building only was L. 170,000.
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Bridge. purchase of premises, was about L. 260,000; that of

Westminster
Bridge, built in the beginning of the century, cost
about L. 400,000,

The.committee had received an immense variety
of plans and proposals for docks, whaxfs, and bridges,
and many of these have been published in the Re-
ports, together with engraved details on a very am-
ple scale. They finally adopted three resolutions re-
specting the rebuilding of London Bridge.

“ 1, That it is the opinion of this Cemmittee, that
it is essential to the improvement and accommoda-
tion of the port of London, that Lendon Bridge
should be rebuilt upon such a construction as tc per-
mit-a free passage, at all times of the tide, for ships
-of such a tounage, at least, as the depth of the river
would admit of, at present, between London Bridge
and Blackfriars Bridge. . :

9. That it is the opinion of this Committee, that
an iron bridge, having its centre arch not less than
65 feet high in the clear, above high-water-mark,
will answer the intended purpose, and at the least
expense.

*¢ 8. That it is the opinion of this Committee, that
the most convenient situation for the New Bridge, will
be immediately above ‘St Saviour’s Church,.and-upen
a line from thence to the Royal Exchange.”

In a subsequent Report, ordered to be printed
3d June £801, we find a plan for a magnificent iron
bridge of 600 feet span, which had been submitted
to the Committee by Messrs Telford and Douglas.
Mr Telford's reputation in Lis profession as an en-
gineer deservedly attracted the attention of the Com-
mittee ; but many practical difficulties having been
suggested to them, they.circulated 2 number of que-
ries relating to the proposal, among such persons of
-science, and professional architects, as were the most
likely to have afforded them satisfactory information.
But the results of these inquiries are not a little hu-
miliating to the admircrs of abstract reasoning and
of geometrical evidence; and it would be difficult to
find a greater discordance in the most heterodox
professions of faith, or in the most capricious varia-
tions of taste, than is exhibited in the responses of
our most celebrated professors, on almost every point
submitted to.their consideration. It would be use-
less to -dwell -on ‘the numerous errors with which
many of the answers abound ; but the questions will
afford us a very convenient clue for directing our
-attention to such subjects of deliberation as are really
dikely to occur in a multiplicity of cases; and it will
perhaps be possible to find .such answers for all of
‘them, as will tend to remove the greater number of
the difficulties which have hitherto embarrassed the
subject.

QUESTIONS RESPECTING FHE CONSTRUCTION OF A
CAST IRON BRIDGE, OF A SINGLE ARCH, 600 FEET
IN THE SPAN, aND 65 FEET RIsE. (Plate XLIL
fig.7.)

1.. What parts of the bridge should be considered
as wedges, which act on each other by gravity and
pressure, and what parts as weight, acting by gravity
only, similur to the walls and other loading, usually

erecled upon the arches of stone bridges.  Or does the Bridus
whole act as one frame of iron, whick can only be de. ——

stroyed by crushing its parts?

The distribution of the resistance of a bridge may
be considered as in some measure optional, since it
may be transferred from one part of the structure to
another, by wedging together most firmly those parts
which we wish to be most materially concerned in it.
But there is also a patural principle of adjustment,
by which the resistance has a tendency to be thrown
where it can best be supported; for the materials
being always more or less compressible, a very smal}
change of form, supposed to be equal throughout
the structure, will relieve those parts rost which are -
the most strained, and the accommodation will be
still more effectual when the parts most strained une
dergo the greatest change of form. Thus, if the
flatter ribs, seen at the upper part of the proposed
structure, supported any material part of its weight,
they would undergo a considerable longitudinal com-
pressior, and being shortened a little, would natural-
ly descend very rapidly upon the more curved, and
consequently stronger parts below, which would soon
relicve them from the load improperly allotted to
them ; the abutment would also give way a littie, and
be forced out, by the greater pressure at its upper
part, while the lower part remained almost entirely
unchanged. '

It is, however, highly important that the work
should, in the first instance, be so arranged as best to
fulfil the intended purposes, and especially that such
parts should have to support the weight as are able
to do it with the least expense .of lateral thrust,
which is the great evil to be dreaded in a work of
these gigantic dimensions, the materials themselves
being scarcely ever crushed, when the arch is of a
proper form; and the failure of an iron bridge, by
the want of ultimate resistance of its parts to a com-
pressing force, being a thing altogether out of our
contemplation ; and it is obviousthat the greater the
curvature of the resisting parts, the smaller will be
the lateral thrust on the abutments.

We may, therefore, sufficiently answer this ques-
tion, by saying, that the whole frame of the propo-
sed bridge, so far as it lies in or near the longitudi-
nal direction of the arch, may occasionally cooperate
in affording a partial resistance if required ; but that
the principal part of the force ought to be concen-
trated in the lower ribs, not far remote from the in-

trados.

But it is by no means allowable to calculate upon
a curve of equilibrium exacily coinciding with the
intrados; since, if this supposition were realized, we
should lose more than three-fourths of the strength
of our materials, and all the stability of the joints
independent of cohesion, so that the slightest exter-
nal force might throw the curve beyond the limits of
the joint, and caunse it to open. Nor can we always

_consider the curve of equilibrium as parallel to the

intrados : taking, for example, the case of a bridge
like Blackfriars, the curve of equilibrium, passing
near the middle of the arch-stones, is, and ought to
be, nine or ten feet above the intrados at the abut-
ment, and only two or three feet at the crows; 50
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from a circular or parabolic arc, ia consequence of Brdge.

Brdge. that the ordinates of this curve are altogether differ- B
the great inequality of the load on the different ™

-~ ent from the ordinates which have hitherto been

considered by theoretical writers. It may be ima-
gined that this difference is of no great importance
in practice ; but its amount is much greater than the
difference between the theorctical curves of equili-
brium, determined by calculation, and the common-~
est circular or elliptical arches.

With respect to the alternative of comparing the
bridge with masonry or with carpentry, we may say,
that the principles on which the equilibrium of
bridges is calculated, are altogether elementary, and
independent of any figurative expressions of strains
and mechanical purchase, which are employed in
considering many of the arrangements of carpentry,
and which may indeed, when they arg accurately
analysed, be resolved into forces opposed and com.
bined in the same manner as the thrusts of a bridge.
It is, therefore, wholly uunecessary, when we inquire
into the strength of such a fabric, to distinguish the
thrusts of masonry from the strains of carpentry, the
laws which govern them being not only similar but
identical ; except that a strain is commonly under-
stood as implying an exertion of cohesive force, and
we have seen that a cohesive force ought never to be
called into action in a bridge, since it implies a great
and unnecessary sacrifice of the strength of the ma-
terials employed. If, indeed, we wanted to cross a
mere ditch, without depending on the firmness of the
bank, we might easily find a beam of wood or a bar
of iron strong enough to afford a passage over it,
unsupported by any abutment, because, in a sub-
stance of inconsiderable length, we are sure of hav-
ing more strength than we require. PBut to assert
that an iron bridge of 600 feet span #*is a lever ex-
erting a vertical pressure only on the abutments,” is
to pronounce a sentence from the lofty tribunal of
refined science, which the simplest workman must
{eel to be erroneous. But, in this instance, the er-
ror is not so much in the comparison with the lever,
as in the inattention to the mode of fixing it: for a
lever or beam of the dimensions of the proposed
bridge, lying loosely on its abutments, would proba-
bly be at least a hundred times weaker than if it
were firmly connected with the abutments as 2 bridge
i5, so as to be fixed in a determinate direction.
Aund the true reason of the utility of cast iron for
building bridges, consists not, as has often been sup-
posed, in its capability of being united so as to act
like a frame of carpentry, but in the great resist-
ance which it seems to afford to any force tending
to crush it. '

. Question L. Whether the strength of the arch
i affected, and in what manner, by the proposed in-
crease of its width towards the two extremities or
ubutments, when considered vertically and horizontal-
ly.  And if so, what form should the bridge gradually
acquire 2

_ The only materjal advantage, derived from widen-
ing the bridge at the ends, consists in the firmness
of the abutments ; and this advantage is greatly di-
winished by the increase of horizontal thrust which
18 occasioned by the increase of breadth; while the
curve of equilibrium is caused to deviate greatly

parts ; and there seems to be no great difficulty in
forming a firm connexion between a narrow bridge
and a wider abutment, without this. inconvenience.
The lateral strength of the fabrie, in resisting any
horizontal force, would be amply sufficient, without
the dilatation at the ends. Perbaps the form was
suggested to the inventor by the recollection of the
partial failure of an earlier work of the same kind,
which has been found to deviate considerably from
the vertical plane in which it was originally situated :

but in this instance there seems, if we judge from

the engravings. which bave been published, to have
been & total deficiency of oblique braces; and the
abutments appear to have been somewhat less firm
than could have been desired, since one of them
contains an arch and some warehouses, instead of be-
ing composed of more solid masonry. (Plate XLII
fig. 9.

QUE)JSTION III. In what proportions should the
weight be distributed from the tentre to the abulments;
to make the arch uniformly strong 2

This question is so comprehensive, that a complete

answer to it would involve the whole theory of
bridges ;_and it will be necessary to limit our investi-
gations to an inquiry whether the structure, repre~
sented in the plan, is actually such as to afford a
uniform strength, or whether any alterations can be
made in it, compatible with the general outlines of
the proposal, tq remedy any imperfections which
may be discoverable, in the arrangement of the pres-
sure. . ,
There is an oversight in some of the official an-
swers to this question, from quarters of the very first
respectability, which requires our particular atten-
tion. The weight of the different parts’ of the
bridge has been supposed to differ so materiaily from
that which is required for producing an equilibrium
in a circular arch of equable curvatuie, that it has
been thought impossible to apply the principles of
the theory in any manner to an arch so constituted,
at the same time that the structure is admitted to‘be
tolerably well culculated to stand, when considered
as a frame of carpentry. The truth is, that it is by

no means absolutely necessary, nor often perfectly.

practicable, that the mean curve of equilibrium
should agree precisely in its form with the curves li-
miting the external surfaces of.the parts bearing the
pressure; especially when they are sufficiently exten-
sive to admit of considerable latitude within the lis
mits of their substance. It may happen in many

cases, that the curve of equilibrium is much fatterin '

one part, and more convex in another, than the circle
which approaches nearest to it ; and yet the distance
of the two curves may be inconsiderable, in compa-
rison with the thickness of the parts capable of co-
operating in the resistance. The great problem,
therefore, in all such cases, is, to determine the pre-
cise situation of the curve of -equilibrium in the ae-
tual state of the bridge; and- when this has been
done, the directions of the ribs, in the case of an
iron bridge, and of the joints of the arch-stones, in
a stone bridge, may. be so regulated as to afford the
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greatest poesible security ; and if this security is not
deemed sufficient, the whole arrangement must be
altered. o
Considering the effect of the dilatation at the
ends in increasing the load, we may estimate the
depth of the materials causing the pressure at the
abutments as about three times as great as at the
crown ; the plan not being sufficiently minute to af-
ford us a more precise determination ; and 1tqw1]l be
quite ‘accurate enough to take w=2¢ + bx® (Prop.
S.) for the load, w becoming = 3¢ when z is 300

feet, whence 90,000 b = 24, and b = 5000%° we

! ax* for the value.
540,000 ’

of the ordinate. Now the obliquity to the horizon
being inconsiderable, this ordinate will not ultimate-

1
have then my = 3 az? 4

ly be much less than the whole height of the arch;

and its greatest value may be called 64 feet; conse-

qﬁently when z = 800, we have 64 m =35 @ X
90,000 4+ % a % 90,000, and the radius of eurva-

m . ]
ture at the vertex r = — = 937.5 fect, while the

radius of the intrados is 725 feet, and that of a
circle passing through both ends of the curve of
equilibrium, as we have supposed them to be situa-

. 1,
ted, 735 feet. Hence, y being = 875 % (1 -

1 . . .
770000 xi’) , we may calculate the ordinates at dif-

ferent points, and compare them with those of the
circular curves.

Distance &~ Versed sine of . Versed sine of Ordinate 3.
the intrados.  the circular arc.

50 1.78 1.7 1.34
100 6.94 6.82 5.88
150 15.66 1543 13.00
200 28.13 -27.70 24.50
250 44.42 43.81 - 41.01
300 65.00 64.00 64.00

Hence it appears that, at the distance of 200 feet
from the middle, the curve of equilibrium will rise
more than 3 feet above its proper place; requiring
a great proportion of the pressure to be transferred
to the upper ribs, with a considerable loss of
strength, for want of a communication approaching
more nearly to the direction of the curve. If we
chose to form the lower part of the structure of two
series of frames, each about 4 feet deep, with diago-
pal braces, we might provide amply for such an ir-
regularity in the distribution of the pressure; but it
wouid be necessary to cast the diagonals as strong
as the blocks, in order to avoid the inequality of
tension from unequal cooling, which is often a cause
of dangerous accidents ; it would, however, be
much better to have the arch somewhat elliptical in

its form, if the load were of necessity such as has  Bridge,
R Ve

been supposed.

QuestioN 4,  What pressure will each part of the
bridge veceive, suppostng- it divided into any ziven
number of equal sections, the weight of the widdle
section being given.  And on what parts, and with
what_force, will the whole act upon the abuiments?

It appears from the preceding calculations, that
the weight of the ¢ middle section” alone is not suf.
ficient for determining the pressure in any part of
the fabric; although, when the form of the curve of
equilibrium has been found, its radius of curvature ag
the summit must give at once the length of a simi-
lar load equivalent to the lateral thrust; and by
combining this thrust with the weight, or with the
direction of the curve, the oblique thrust at any
part of the arch may be readily found. Thug, since

at the abutment w =« -+ b2 = 8¢, and b2 =20,

ia ,, 1 62a* d
we have g = ;%r + a7 and a‘g the tangent
id
g

. : a
of the inclination, becomes = — z
? m + 3m

ar 2ax 5z 5 8060 8
m T 3w T T E e T Is oo o

quently the horizontal thrust will be to the weight
of the half arch as-15 to 8, and to that of the whole
arch as 15 to 16. Now the arch is supposed to con-
tain 6500.tons of cast iron, and together with the
road, will amount, according to Professor Robison’s
estimate, to 10,100 tons ; so that the lateral thrust on
each abutment is 9470 tons; and since this is equal
to the weight of 987.5 feet in length, of the thickness
of the crown, the load there must be about 10 tons
for each foot of the length. Hence, it appears, that
although the thrust, thus calculated, is greater than
the weight of a portion of equal length with the ap-
parent radius at the crown, it is less than would be
inferred from the angular direction of the intrados
at the abutment: the inclination of the termination
of the arch being 24° 27/, while that of the true
curve of equilibrium is 28° 4/; that is, about one-
tenth greater.

As a further illustration of the utility of this mode
of computation, we may take the example of an arch
of Blackfriars Bridge. The radius of curvature, as
far as four-fifths of the breadth, is here 56 feet; and
we may suppose, without scnsible error, the whole
lIoad to be that which would be determined by the
continuation of the same curve throughout the
breadth. Now, the middle of the arch stones, at
the distance of 50 feet from the middle of the
bridge, that is, immediately over the termination of
the abutment, is about 12 feet above that termina-
tion, and at the crown about three feet above the in-
trados, so that we have only 81 feet for the extreme
value of y, while the whole height of the arch is 40;
and a being 6.58 feet, we find (Prop. U.) my=18,510

== 81m, whence m = 486, and ?: r == 66}; we

also obtain the values of the ordinates of the curve
as in the annexed table.
10
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Ordinate y. Middle of the
Arch-Stones.
10 FEET - 76 - -90
20 - 312 . 3.72
25 - 5.13 - 6.12
30 - 7.71 - 8.75
40 - 15.81 - 16.81
50 . 51.00 - 31.00

Hence it appears that the greatest deviation is
about 30 feet from the middle, where it amounts to
g little more than a foot. Bat if we suppose this
deviation divided by a partial displacement of the
curve at ifs extremities, as it would probably be in
reality, even if the resistance were confined to the
arch-stones, it would be only about half as great in
all three places; and even this deviation will reduce
the strength of the stones to two-thirds, leaving them
however still many times stronger than can ever be.
necessary. The participation of the whole fabric,
in supporting a share of the oblique thrust, might
make the pressure on the arch-stones somewhat less
unequal, and the diminution of their gtrength less
considerable ; but it would be better that the pres-
sure should be confined almost entirely to the arch-
stones,as tending lessto increasethe horizontal thrust,
which is here compressed by m = 436, implying the
weight of so many square feet of the longitudinal
section of the bridge; while, if we determined it
from the curvature of the intrados, it wquld appear
to be only 56a = 368. :

In this calculation, the oblique direction of the
joints, as affecting the load, has not been considered ;
but its effect may be estimated by merely supposing the
specificgravity of thematcrialsto be somewhatincreas-
ed, Thus, since the back of each arch-stone is about
one-eighth wider than its lower end, the weight of the
materials pressing on it will be about one-sixteenth
greater than would press on it, if it were of uniform
thickness ; and this increase will be very neatly pro-
portional to w, the whole load at each part; so that
it will only affect the total magnitude of the thrust,
which, instead of 436, must be supposed to amount
to about 463. 1f also great accuracy were required,
it would be necessary to appreciate the different
specific gravities of the various waterials constjtut-
ing the load ; since they are not altogether homo-

_geneous; but so minute a calculation is not neces-

sary in order to show the general distributiop of the
forces concerned, and the sufficiency of the ars
rangement for answering all the purposes intended,
QuesTioN 8. What additional weight will the
bridge sustain, and what will be the effect of o given
weight placed upon any of the hefore mentioned sec-
tions ? . ‘
When a weight is placed on any part of a bridge,
the curve of equilibrium must change, its situation
more or less, accerding to the magnitude of the
weight ; and the tangent of its inclination must now
be increased by a quantity proportional to the addi-
tional pressure to be supported, which, if the weight
were placed in the 'middle of the arch, would always
be equal to half of it ; but when the weight is placed
at any other part of the arch, if we find the point
where the whole thrust is herizontal, the vertical
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pressure to be supported at each point of the curve Bridge.

must obviously be equal to the weight of the mate-

.rials interposed between it and this new summit of

the curve. Now, in order to find where the thrust
is horizontal, we must divide the arch into two such
portions, that their difference, acting at the end of a
levexié‘f the length of half the span, thatis, of the
distahice from the abutment, may be equivalent to
the given weight, acting on a lever equal to its dis-
tance from the other abutment, to” which it is
nearest; consequently this difference must be to_the
weight as the distance of the weight from the end to
half the span; and the distance of the new summit
«of the curve from the middle must be such, that the
weight of materials intercepted between it and the
middle shall be to the weight as the distance of the
weight from the end to the whole span; and the tan-
gent of the inclination must everywhere be increas-.
ed or diminished by the tangent of the angle at
which the lateral thrust would support the weight of
this portion -of the materials; except immediately
under- the weight, where the two portions. of the
curve will meet in a finite angle, at least if we sup-
pose the weight té be collected in a single point.

~If, for example, a weight of 100 tons, equal to
that of about 10 feet of the crown of the arch, be
placed half-way between the abutment and the
middle; then the vertex of the curve, where the
thrast is horizontal, will be removed 21 feet towards
the weight; but the radius being 937.5 feet; the

2.5
937.5

tangent of the additional inclination will be

= 5173, and eaph ordinate of the curve will be in-

creased 75 of the absciss, reckoning from the place*

of the weight to the remoter abutment ; but between
the weight and the nearest abutment, the additional

pressure at- each point will be 10 —— 2.5 == 7.5 feet,

consequently the tangent will be é}’ and the addi-

tions to the ordinates at the abuiments will be 450

T 375
150 S .
and 52 each equal to 1} foot, and at the summit

o
:;757-2 = -;-, which, being deducted, the true addition

to. the height-of the curve will appear to he g'

But the actual height will remain unaltered, since

the curve is still supposed to he terminated by the -

abutments, and to pass through the middle of the
key-stone; and we have only to reduce all the ore
dinates in the proportion of 64.8 t6 64. Thus, at 200
feet from the summit, the ordinate, instead of 24.50

200

5= 25.03, will be 24.72, so that the curve

will be brought 2} inches nearer to the intrados,
which, in the proposed fabfic, would by no means
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be made in the form of an elliptical arch, What would Bridge,
be the difference in effect, as to strength, duration, con- =~
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Bridge. diminish its strength; while, on the opposite side;
e~~~ immediately under the weight, the ordinate 13 —

%;—g — 12.6 will be reduced to 12.45, and the curve
o .

raised between six and seven inches, which is a
change by-no means to be neglected in considering
the resistances required from each part of the struc-
ture. We ought also, if great accuracy were re-
quired, to determine the effect of such a weight in
increasing the lateral thrust, which would affect in a
slight degree the result of the calculation; but it
would not amount,- in the case proposed, to more
than one-eightieth of the whole thrust.

It is obvious that the tendency of any additional
weight, placed near the middle of a bridge, is to
straighten the two branches of the curve of equili-
brium, and that, if it were supposed iofinite, it would
convert them into right lines; provided, therefore,
that such right lines could be drawn without com-
ing too near the intrados at the haunches, the bridge
would be in no danger of giving way, unless either
the materials were crushed, or the abuiments were
forced out. In fact, any bridge well constructed
might support a load at least equal to its own weight,
with less loss of strength than would arise from some
such errors, as have not very uncommonly been com-
mitted, even in works which have on the whole suc-
ceeded tolerably well. '

QuesTioN 6. Supposing the bridge executed in the
best manner, What horizontal force will it require,
when applied to any particular part, to overturn it, or
press it out of the wertical plane?

.If the bridge be well tied together, it may be con-
sidered as a single mass, standing on its abutments;
its mean breadth being about 80 feet, and its weight
10,100 tons; and such a mass would require a late-
ral pressure at the crown-of the arch of about 7000
tons to overset it. Any strength of attachment to
the abutments would, of course, make it still firmer,
and any. want of connexion between the parts weak-
er ; and since the actual resistance to such a force
must depénd entirely en the strength of the oblique
connexion between the ribs, it is not easy to de-
fine its magnitude with accuracy: but, as Professor
Robison has justly remarked, the strength would be
increased by causing the braces to extend acress the
whole breadth of the half arch. The single ribs, if
wholly unconnected, might be overset by an incon-
siderable furce, since they stand. in 2 kind of totter-
ing equilibrium ; and something like this appears-to
have happened to-the bridge at Wearmouth. Dr
Hutton, indeed, mentions some “ diagonal iroen bars”
in this bridge ; but these were perhaps added after
its first erection, to obviate the ¢ twisting,” which
had become apparent, since they are neither exhi-
bited in the large plates of the bridge, nor mention-
ed in the specification of the patent. ’

QUESTION 7. Supposing the span of the arch to re-
main the same, and to spring. ten feet lower, What
edditional strength would it give the bridge? Or,
making the strength the same, What saving may be
made 1n the materinls®  Or, if, instead ¢of a circular

arch, gs in the plates and drawings, the bridge shoubd

venience, and expenses ?

The question seeins to suppose the weight of the
materials to remain unaltered, and the parts of the
structure, that would be expanded, to be made pro-
portionally lighter ; which could not be exactly trae,
though there might be a compensation in soine other
parts. Granting, however, the weight to be the
same under both circumstances, if the ordinate yat
the end be increased in the proportion of 64 to
about 78, the curvature at the vertex will be in-
creased, and the lateral thrust diminished in the
same ratio, the 9470 tons being reduced to 8300,
The additional thrust occasioned by any foreign
weight would ‘also be lessened, but not the vertical
displacement of the curve derived from its pressure ;
and since the whole fabric might safely be made
somewhat lighter, the lightness would again diminish
the strain. The very least resistance that can be
attributed to a square inch of the section of g block
of cast iron; is about 50 tons, or somewhat more
than 100;000 pounds. It is said, indeed, that Mr
William Reynolds found, by accurate experinients,
that 400 tons were required, to crush a cube of a
quarter of an inch, of the kind of cast iron called
gan-metal, which is equivalent to 6400 tons for a
square inch of the section. But this result so far
exceeds any thing that could be expected, either
from experiment or from analogy, that it would be
imprudent to place much reliance on it in practice ;

the strength attributed to the metal being equivalent.

to the pressure of a column 2,280,000 feet in height,
which would compress it to about four-fifths of its
length, since the height of the modulus of elasticity
(Prop.-G.) is about 10,000,000 feet. The greatest
cohesive force, that has ever been observed in irom
or steel, does not exceed 70 tons for a square inch
of the section, and the repulsive force of a lromoge-
neous substance has not been found, in any other in-
stance, to be many times greater or less than the co-
hesive. There cannot, however, be any doubt that
the oblique thrust, which amounts to 10,730 tons,
would be sufficiently resisted by a section of 215
square inches, or, if we allowed a load amounting to
about one-third only of the whole strength, by a
section of 600 square inches; and since each ot of
an iron-bar, an inch square, weighs three pounds,
and the whole length of the arch nearly a ton, the
600 square inches would require nearly as many
tons to be employed in the ribs affording the resist-
ance, upon this very low estimate of the strength of
cast iron. The doubts here expressed respecting
Mr Reynolds’s results, have been fully justified by
some hasty experiments, which have been obligingly
made by the son of a distinguished architect: he

found that two parallelepipeds of cast iron, one eighth -

of an inch square, and a quarter of an inch long,
were crushed by a force of little more than a
ton. The experiments were made in a vice, and
required considerable reductions fer the friction.
The mode of calculation may deserve to be explain-
ed, on account of its utility on other similar occa~
sioms, Supposing the friction to be to the pressure
31



BERIDGE.

Biidge. oa the screw as 1 to m, and the pressure on the
o s oo to the actual pressure on the substzuce as n

to 1, calling this pressure the pressure on the
serew will be nr, and the friction —3 but this re=
pt -

sistance will take from the gross ultimate pressure f
a force. whicii i3 to the friction itselt; as the veloct-
ty of the parts sliding on each other is to the velo-
cuy of the part preducing the ultimate pressure, a
proportion which we may cali p to 1; and the force
remaining will be the actual pressure; that is,
)
m--pn
ments, the gross force f; as supposed to be exerted

n ‘ .
S % gy and s = S 1In these experi-
m

. . . 1
on the iron, was 4 tons ; the friction oo was probably-

aboui , the screw not having been lately oiled ; the
distance of the screw from the centre of moticn was
to the length of the whole vice as 3 to 4, whence »
was 3, and p was 8.44, the middle of the screw de-
scribing 4.22 inches, while the cheek ‘of the vice

. - m )
moved through § an inch: consequently oL

+p
4 1 i
e = ———, and the corrected pressure be-
371125 3.81° ¢ P
comes :E%T 1In several experiments made with still
greater care,and with an improved apparatusoflevers;
the mean force required to crush a cube of & quar-

ter of an inch was not quite 4% tons, instead of 400.

Calcareous freestone supports about a ton on a
square inch, which is equal to the weight of 'a co-
Iumn not quite 2000 feet in height: consequently
an arch of such freestone, of 2000 feet radius, would
be crushed by its own weight only, without any fur-
ther load; and for an arch like that of a bridge,
which has other materials to support, 200 feet is the
utmost radius that it has been thought prudent to
attempt ; although '« part of the bridge of Neuilly
stands, cracked as it is, with a curvature of 250 feet
radius; and there is no’doubt that a firm structure,
well arranged in ithe beginning, might safely be
made much flatter than this, if there were any ne-
cessity for it.

An elliptical arch would certainly approach near-
er to the form of the curve of eqguilibrium, which
woald remein Hitle altered by the change of that of
the arch; asd the pressure might be more equably
and advantageously transmitted through 1he blocks of
such an arch, than in the proposed form of the
structure. The duration would probably be propors
tional to the increased firmness of the fabrie, and
the greater flatness at the crown might sllow a wider
space for the passage ot the masts of large ships on
cach side of the middle, There might be some ad-
ditioval trouble and expense in the formation of
g:rf:ions of an elliptical curve; but cven this might
e in a great measure avoided by cmploying por-
tions of throe circles of different radii, which would
searcely be distinguishable from the cllipsis isself.

Those who have imagined that a circular arch
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must iv general be # stronger than an elliptical areh  Bridge.
of the same height and span,” have not adverted to ™y’

the distinction between the apparent curvature of
the arch, and the situation of the true curve of equi-
librium, which depends on the distribution of the
weight of the different parts of ihe- bridge, and by
ne means on the form of the arch-stones only; this
form being totally insufficient to determine the true
radius of curvature, which is immediately connected
;v;;ch the lateral thrust, and with the strength of the
a0ric.

Question 8. Is it necessary or advisable to have

a model made of the proposed bridge, or any part of
it, in cast dron. If so, what are the oljects o whick
the experiments should be directed ; 0 the equilibra-
tion only, ox to the cohesion of the several parisyor
to both united, as they will occur in the ‘intended
bridge ® 4 :

Experiments on the equilibration of the arch
would be easy and conclusive; on the cohesion or
connexion of the parts, extremely uncertain; the
form and proportion of the jeints could scarcely be
imitated with sufficient accuracy; and ‘since the
strength of some of the parts concerned, woilld vary
as the thickness simply, end that of others as the
gquaré or ¢cube of the thickness, it would he more
difficult to argue from the strength of the model
upen that of the bridge, than to calculate the whole
from still more elementary experiments. Some
such experiments ought, however, to be made, on
the force required to crush a block of the substance
employed; and the form calculated to afford the
proper equilibrium, might be very precisely and ele-
gantly determined, by means of the method first sug.
gested by Dr Hooke, that of substituting for the
blocks, resting on each other and on the abutments,
a8 many similar pieces forming a chain, and suspend-
ed at the extremities. It would, however, be im-~

portant to make one alteration in the common mode -

of performing this experiment, without which it
would be of little or no value; the parts correspond-
ing to the blocks of the arch, sheuld be formed of
their proper thickness and length, and connected’
with each other and with the abutments by a short
joint or hinge in the middle of each, allowing room
for a slight degree of angular motion only; and
every other part of the structure should be repre-

- sented in its proper form and- proportion and cop-

nexion, that form being previously determined as

nearly as possible by calculation; and then, if the .

curve underwent no material alteration by the sps.
pension, we should be sure that the chlculation was

sufficiently correct; or, if otherwise, the arrange- -
ment of the materials might be altered, until the re-

quired curve should be obtained ; and the investiga-
tion might be facilitated by allowing the jeints or
hinges, connecting. the block, to slide a little along
their surfaces, within such'limits as would be allow~
able, without too great a rediction of the powers of
resistance of the blocks, :
QuesTION O. . Qf what size ought the model 1o be
made, and what relative proportions will experiments,
made on the model, bear o the bridge when executed?
.'The size is of little importance, and it would be
unsafe to calculate the strength of the bridge from
3T
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Bridge. any gemeral comparison. with that of the medel.

Since this question relates entively to the lccal civ.  Bridge;
N o There is an Essay of BEuler in the New Commens

cumstances of the banks of the Thames, the persons, “ewma/

taries of the Royel Academy of Peicrsburgh (Vel.
XX. p. 271.), relating expressly to the mode of
judging of the strength of a bridge from a iodel;
but it contains only an elementary calculation, appli-
cable to repes and simple levers, and by no means
comprebending all the circumstances that require to
be considered 1n the structure of an avei.

" Questiow 10. By whai means may clips be Lest
directed in the middle streani, or prevented from drive
ing to the side, and striking the avch ; and whai would
be the consequence of such o stroke?

“For the “direction of ships, Professcr Robison’s
suggestion seems the simplest and best, that they
might be guided by means of a small anchor, dragged
along the bottom of the river.  The stroke of a ship
might fracture the outer ribs, if they were too weak,
but. could scarcely affect the whole fabric in. any
material degree, suppesing it to be firmly secured
by obligue bars, crossivg irom cne side of the abug-
ment to the other side of the middle ; and if’ still greag-
er firmness were wanted, the braces might cross still
more obliquely, and be repeated from space to space.

A ship movisg with a velocity of three miles in
an-hour, or about four icet in a second, would be
stopped-by a force equal to her weight, when she had
advanced three inches with a retarded motiog; and

the bridge. could not.very easily withstand, at any -

one point, a8 force much greater than such a shock
of g large ship, if it were dicect, without being dan-
%erously"strajned. But we must consider that a
arge.ship could never strike the bridge with its full
force, and that the. mast would be much.more easily
broken than the bridge. The inertia of the parts of
the bridge,. and of. the heavy materials laid on it,
wonld enable it to vesist the stroke of a small mass
with great mechanical advantage. Thus. the ineriia
of an anvil, laid on: 2 man’s chest, enables him to
support. & blow.en the anvil, which would. befatal
without, such an .interposition, the momentum corn-
-mupicated to the greater weight being always less
than twice the momesntum of the smaller; and this
small increase. of . momentum being. attended by a
nguch greater decresse of energy or impetus, which
is expressed by the product of  the mass into the
‘square of the velocity, and which is sometimes call-
ed the ascending, or penetrating force, since the
height of ascent.or depth of penetration is propor-
tional to it, when the, resistance is given,  And the
same mede of reasoning is applicsble to any weight
falling on the bridge, or to any other cause of vibra.
tion, which is rot likely. to call forth in such a fabric

“any violent exertion of the strength of the parts, or

of their connections, We. must also remember, in
appreciating the effect of a stroke of any kind on an
arched structure, that something of strength is als
ways lost by too great stiffness; the property of re-
sisting,_ve]ocity, which has sometimes becn called re-
silience, being generally diminished by eny increase
of stiffness, if the strength, with respect to pressure,
reimains the same. ,
QussrioN 11, The weight and latcral pressure of
the bridge being given, can abuimenis be mads in the
Jroposed situation for London Bridge, to resist that
pressure? '

to whom it hias been referved, have generally appeaied
to the stability of St Saviour’s Churceh, ia & neighboyr.
ing situation, as a prouf of the affirmative. And it doey,
not appear that there have been any insiances of a faila
ure of piles weil driven, in a moderately favourable soil,
Profeseor Robison, indeed, asserts thot the firmest
piling will vield in time to a pressure continasd withe
out interruption; but a consideration of the general
nature of friction and lateral adhesion, as well as the
experience of ages in a multitude of structures. actu.
ally erected, will not aliow us to adopt the assartion
as universaily true.  When, indeed, the earth s ex~
tremely soft, it would be advisable to unite it inta
one mass for alarge extent, perhaps as far as 100
yards in every direction, for such a bridge as that
under dizcussion, by beams radiating from the abut-
ments, resting on short piles, with cross pieces in-
terapersed ; since we might conibine, in this manmer,
the effect.of a weight of 100,000 tons, which could
scarcely. ever produce a lateral adhesion of less than
20,000, even if the materials were semifluid; for
they would afford this resistance, if they were ca-
pable of standing.in the form of a bank, rising only
one foot in five of horizontal extent, which any thing
short of an absolute quicksand or a bog would cerbuin~
Iy doin perfectsecurity. -The proper dirdetion of the
joints of the masonry may be determined for the abut-
ment exactly as, for the bridge, the tangent of the
inclination being always increased, in proportion to
the weights . of - the successive wedges added. to: the
load; and the ulilmate inclination of the curve.is
thaf. inawhich the - piles. ought to . be driven; being
the direction of the result, composed, of the lateral
thrust, combined with the- joint weight of the half
bridge, and the abufment.

Qurstion 12, T weight and lateral pressure of
the bridge being given, can a conire or -scqffviding be
erected over the rever, sufficient to cuxvry the arch,
without ohsivucting the wessels which at present navie
gaie Lkt part € .

_ There seems to be no great difficulty in the/cons
struction of such a centre. When the bridge at
Wearmouth was erected, the centre was supported
by piles and standards, which suffered ships to pass
between them without intepruption, and @ similar
arrangement might be made in the present.case with
equal facility.

Guestior 18.  Whether would it be most advisable,
to.make the bridge of cast and wrought iron combined,
or of cast iron only? And if of the latter, Whether of
the. hard white metaly or of the soft grey metel, or of
gupnmetal 2 ‘

A bridge well built ought to require no cohesive-
strength of ties, as Mr Southern has justly observed
in his answer to the eighth question ; and for repul-.
sive resisiance, in the capacity of a shere, cast iron.
is probably much. stronger than wrought. It has-
also the advantage of being less liable to rust, apd.
of expunding somewhat less by heat than wrought-
iron. But wherever any transverse sirain is una-

. voidable, wrought iron possesses some advantages,

and it is generally most convenient for bolts and
other fastenings, The kind of iron “called - gun me-
tal, is decidedly preferred by the most experienced
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interpose this cement between perfectly smooth and  Bridge.
solid surfaces ; but it might bs of advautage to fill e~/

Bridges judges,<as combining, In the greatest degree, the
- "pmperties of hardness and toughness; the white

being considzred es too brittle, and the grey as too
soft,
:}!e grey ; and if we allow the strength of the gun
metal to be at all comparable to that which -Mr
Teynolds attributes to it, we must also-acknewledge
that a much weaker substance would be amply suffi-
cient for every practical purpose, and might deserve
to be preferred, if it were found to possess a greater
degree of tenacity.

QUESTION 14  OF what dimeusions ought the se-
veral members of-the sron work: to-be, to give the bridge
sufficient strength € .

See.the Answers to Questions 7 and 11.

QuesTion 5. Can frames of cast tron be made
sufficiently corréct to compose-an arch of the form and
dimensivns showsn in the drawings, so as to take an
equul bearing as-one frame, the several parts being
connecied by diagonal braces, and joined by an fron
cement, or other substance ? .

Professor Robison: considers it as indispensable that
the frames of cast iron should be ground. to fit each
other 3 aid a very aecurate adjustment of the surface
would certainty be-necessary for the perfect co-gpe-

. ration of every part of g0 havd a substance, -Proba-
bly, indeed, any very amnll:interstices that-might be
feft, would in some meusure he filled up-by/degrees,
fn-consequence of the -orydation -of the metal, but
scarcely soon-enoughto assist in bearing the general
thrust upon the first eompletion of the bridge; The
plan of mortising the frames together is by no meang
to:- be advised, as rendering it very difficult ‘to adapt
the: surfaces to edeh other throughout any consider-
able part of their extent. They might be connected
either as in the bridge at Wearmouth, by bars of
wrought iron-let-into the sides, which might be of
extremely moderate dimensions s or, as in some still
more modern fabrics, by being wedged into the
grooves of cross plates, adapted to receive them,
which very effectually secure the co-operation of the
whole force of the blocks, and which have the ad-
vantage of employing cast’iron ouly.

QuesTion 16. Instead of casting the vibs in
Jrames, of considerable length and breadih, would it
be more advisable to cast each member of the ribs in
separale picees of considerable lengths, connecting them

together by diagonal braces, both horizontally and

vertically ®

No joint can possibly be so strong -as a-single
sound piece of the same metal; and it is highly de-
sirable that the curve of pressure should pass'through
very substantial frames or blocks, abutting fully on
each other, without dny reliance on latéral joints;
but for the upper parts of the work, single ribs,
much lighter than those which form the ‘true drch,
would he sufficiently firm.

Question '17. Can -an dron cement be made,
which skall become kard and durable, or can liquid
sron be poured inlo the joints?

Mr Reynolds has observed, that a cement, come.
posed of jron borings and saline substances, will be-
come extrémely hard ; and it is probable that this
préperty depends on -the'solidicy which is produced
by the gradual ‘oxydation of the iron, It would cer-
tainly-be ‘injurious to the strength of the fabric to

Dir Hutton, however, and My Jessap, prefer .

up with it any small interstices, unavoidably left bes
tween the paris, To pour melted . iron isto: the
joints would be utterly impracticabie.

QuesTioN 18.  Would lead be betier-to use in the
wholc or any part of the joints 2 ‘

Lead is by far too soft to be of the least use; and
a'saline cement would be decidedly preferable.

Qurstion 19.  Can any improvement be made im
the plan, so as to vender.it more substantiol and dur-
able, and.less ewpensive ¥ And if-so, what-are these
improvements £ :

* The most necessary alterations appear to bhe the
omission of the upper and flatter ribs; the greater
strength and solidity of the lower, made either in the
form ‘of blocks or of frames-with diagonals; ‘a:eur-
vature more nearly approaching to that 'of the verve
of equilibrium, and a greuter obliquity ‘of ‘the 'oross«
braces, :

It would be necessary to wedge the whole:struce
ture very firmly together before-the removal of the
centres, a precaution-which -is -still more necessary
for stone bridges, in-which a certain portion oﬂsoé»
mortar must inevitably be-employed, in orderito en<
able the ‘stoues to ‘bear ‘fully on -each other, ‘and
which has been very yroperly adopted in ‘the ‘best
modern works, In this ménner we may avoid the
inconvenience pointed out by Professor Robison;

who has remarked, that the'compressibility of the ma-
terials, hard as they appear, would-occasion a reduc-

tion of three inches in the length of the bridge, from.
the effect of the lateral thrust, and & consequent fall
at the crown of 15 a result which will not be found
materially erroneous, if*the calculation be repeat-
ed from more correct elements, -derived from ‘later
experiments and- comparisons. For obvieting the
disadvantageous effects of such a depression, . which
he seems to have supposed unavoidable, as well as
those of a-change of temperature, which must in
reality occur, though to a less considerable extent,
Professor Robison suggested the expedient of a
joint in the middie of the bridge, with an jnterme-
diate portion, calculated to receive the rounded ends

of the opposite ribs, somewhat like an interarticular ..

cartilage ; but it is impossible to devise any kind of
Joint, without limiting the pressure, during the c¢hange
of form, to a very small portion -of the surfaces;
which could not bear fully on'each other throughout
their extent, if any such liberty of motion were adl-
lowed, unless dll friction between them were pre-
vented ; and a similar joint would be requiret) ay the
abutment, where it would be still more objectionable,
as extending to a wider surface. S
"he arrangement -of ‘the joints hetween the por-
tions of ‘the ribs, in one or more ‘transverse Tines,.
would be a matter oﬁg&at indifference. - ‘Some have
recommended to ‘break'the joints, ‘s i usualin ma<
sonry, in order.to'tie the parts more firmly together ;'
others to'make all‘the joints continuous, a5 a sdfer
method;-on accoiint of the brittleness 'df ‘the ‘mate-
rials; but if the fabric were well put together, there
would be neither -any want of ‘firm contexion, hor
any danger ‘of breaking from irregular strains, in
whatever way the joints might Be disposed. =~
‘QuesTioN 20. - Upon considering the whole cir-
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Bridgee mstances of the case, tgrecalle to the Resolutions of

the Commitice, as stated at the conclusivn of thesr
Third Report, is i your opinion, that an arck of 630

feetin the span, as expressed in the drawirgs produ-

ced by Messrs Telford and Douglas, or the same plan,
with any improvement you may be so good as.to peint
out, is practicable and advisable, and capuble of being
made a durable edifice?

The answers that have been returned to this ques-
tion are almost universally in the affirmative, though
deduced from very discordant and inconsistent vizws
of the subject. The only reasonable .doubt relates
to the abutments; and with the precautions which
have been already mentioned in-the answer to the
11th question, there,would be no insuperable diffi-
culty it making the abutments sufficiently firm.

Question 21.
herewith, according to your judgment, greatly exceed
or full short of the probable expense of execuling the
plan propoesed : specifying the general grounds of your
opinion € :

The estimate amounts to L. 262,289 ; and ii has
generally, been considered as below the probable ex-
pense. . The sbutments are set down an,L, 20,0003
‘but they would very- possibly require five times as
much, to be ‘propexly executed; while some other
parts of the work, by a more judicious distribution of
the forces concerned, might safely. be made so much
Jighter, as considerably to lessen the expense of the
whole fabric, without. any diminution either of its

’ .beauty or of its _stabili;;y. :

SecrioN VIee-Modern History of Bridges.

'The whole series of the questiqns, which we have
been considering, are fully as interesting. at the pre-
sent moment, a8 they were at the time when they
vere cireulated by the: Committee of the Hause of
Commons, - The. practice of building iron bridges
has been pragressively gaining ground, ever since its
first introduction n 1779, by Mr Abish Darby of
Colebrook . Dale. Mr Wilson, indeed, who assisted
Mr Burdap in the erection. of the bridge at Wear-
monuth, mentions in his answers, an iron bridge which
has stood secure for ninety years: but it must have
been on a very small scale, and, has not been at all
generally known. . Of most of the later iron bridges
we find a concise account in Dr Hutton's elaborate
Essay on Bridges, which has been. reprinted in the
first volume of his valuable collection of Tragts: but
there are some still greater edifices of this kind
which still remain to be completed. '

Mr Darby’s construction is not remarkably elegant
(Plate XL1I. fig. 8.), but it is by no means so objec-
tionable as several late authors have seemed to think it.
The span is 100 feet 6 inches : the weight 178} tons.
The curvature of the exterior concentric arches,
which asdist in supporting the roadway, though it
may be somewhat too great for the most favourable
exertion of their resistance, lepves them still abun-
dantly. .strong for the purpose intended; nor is it

‘correct, to say that every shore supporting a pressure
should be straight; for if its own weight. bears any
considersble praportion to that which it has to sup-
port, the curvature ought to be. the same with that

Does the. estimate, communicated

of a chain of the same weight, suspending  similar Biidge.

load in an inverted position . and the parts of the
bridge in-question seem to differ only about as much
from such a form in excess of curvature, as a. straight
line would differ fromit in defect. The partial failure,
which accidentally occurred, rather bears testimony
to the merits than to the demerits of the bridge, as
they would be estimated in any other situation; for
the jateral thrust, which -it is .generally desivable te

_reduce as much as possible, was here actually tos

small, and the abutments were forced inwards, by
the external pressure of the loose materials, forming
the high banks, against which the abutments rested.

Mr Paine’s iron bridge, exhibited in Leadon, and
intended to have been erected in America, was a
professed imitation. of a catenarian curve: it was a
good specimen of that ideal something, which a po-
pular reformer generally has in view: a.thing not ill
iragined, and which might possibly succeed very
well under very different circumstances ; but -which, -
when closely examined, proves to be whelly unfit for
the immediate purpose to which the inventor intends
to apply it.

The bridge at Wearmouth was completed in 1796,
in great measure through the exertions of Mr Bur-

don, hoth as architect and as priucipal proprietor.of

the undertaking. It is remarkable for sprmging 70
feet above low water mark; and the arch rises 30
feet, leaving a height of 100.feet in the whele for the
passage of ships in the middle of the stream: the
span is 240. ‘The abutments are founded on a solid
rock, but their own jinternal solidity appears to be
somewhat deficient. The weight of iron is 250 tons;
210 of them being of cast iron, and 40 of .wrought.
{Plate XLIL fig. 9) . ‘ ,

A bridge was finished in the same year at Build-
was,.near Colebrook Dale (Plate XLIL fig. 10.), un=

“der the direction of Mr Telford; 130 feet in span,

wejghing 174 tons; and rising only 17 feet in the
roadway, but furnished on each side-with a stronger
arch,. of about twice the. depth, which extends te
the top. of the railing, and .assists .in suspending the
part of the road which is below it by means of king-
posts, .and «in supporting the part neaver the abut-
ments by braces.and. shores. .The breadth is only
18 feet ;. and the construction would mot be so easily
applicable to.a wider bridge, unless the road were
divided in the middle by an additional elevated arch
with its king-posts, like the celebrated wooden bridge
at Schafhausen, which was: burnt down by one of
the French armies. A third iron bridge was also
erected in 1796 on'the Parrot at Bridgewater, by the
Colebrook Dale .Company. It consists of an elliptic
arch, of 75 feet spam, and 23 feet height, and some-
what resembles the bridge at Wearmouth in the
mode of filling the haunches with circular rings: 2
mode not very advantageous for obtaining tite great-
est possible resistance from the materials, and con~
sequently throwing a little too much weight on the.
parts of the arch which support them ; although 1t 1s
probable that ne .great inconvenience has actually
arisen: from this cause. . oo

An attempt was also. made, about the same time,
to throw.an iron bridge ovet the river Tame in Here-
fordskire ; bat it fel! to pieces as scon as the centre
was removed. A similar failure occurred some time
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more elegant, and it has the advaniage of a greater Bridge.

Brdge. afterwards in a bridge of about 180 feet span, which

.

e/ was erected on the Tees at Yarm. In 1802 or 1803,

an elegant iron bridge, of 181 feet span, and 16§
rise, was erected at Staines. Its general form re-
sembled that of the bridge at Wearmouth, but the
mode of connexion of the parts was somewhat differ-
ent. Ina short time after its completion, it began
to sink, and some of the tranverse pieces broke, in
consequence of the change of form. Upon examina-
{ion it was found that one of the abutments had
given way : and when this was repaired and made
firmer, the other failed. The dbutinent was pushed
outwards horizontally, without any material derange-.
ment of its form or direction ;. a circumstance which
could not have happened if its weight had been suf-'
ficiently great: but the architect seems to have
trusted to the firmness of the iron, and the excel-
Jence of the workmanship, and to have neglected the
«calculation of the lateral thrust, which it is of so much
importance to determine.

Mr Rennie has executed several iron bridges with
success in ‘Lincolnshire ; one at Boston, over the
Witham, of which the span is 86 feet, and the rise 5}
only : but the abutments being well constructed, it
has stood securely, notwithstanding the fracture of
some of the cross pieces of the frames, which had
been weakened by the unequal contraction of ‘the
metal in cooling. At Bristol, Messrs Jessop erected
two iron bridges, of 100 feet span, rising 15 ; each
of them contains 150 tons of grey iron ; and the ex-
pense of each was about L..4000. Theconstruction.ap-
pears to be simple and judicious. (Plate XLII fig. 1.4.)

Mr Telford has been employed in the construction
of several aqueduct bridges on a considerable scale.
One of these was cast by Messrs Reynolds, and com-
pleted in 1796, near Wellington in Shropshire: it is
180 feet long, and 20 feet above the water of the’
river, being supported on iron pillars. Another, still
larger, was cast by Mr Hazledine, for carrying the
Ellesmere canal over the river Dee, at Pontcysylte, in
the neighbourhood of Llangollen. - Itis supported,
126 feet above the surface of the river, by 20 stone
pillars, and is 1020 feet in length, and 12 feet wide.-
{Plate XLII. fig. 12.) o

In France, a light iron bridge, for foot passengers
only, was thrown across the Seine, opposite to the
gate of the Louvre, in 1803. It is supported by
stone piers, which are too narrow to withstand the
effect of an accident happening to any part of the
fabric, and leaving the lateral thrust unicompensated :
nor is there any immediate reason to apprehend that
any inconvenience should arisc from this deficiency’
of strength ; since it is highly improbable than any
partial failure should occur, in such a situation, sup-
pposing the bridge originally well constructed. ' (Plate
XLIIL fig. 1.) ,

But all these works have been far exceeded, in ex-
‘tent and importance, by the three new bridges, lately
built and now building over the Thames. The
Vauxhall Bridge was completed and opened in Au-
gust 1816: it consists of nine arches of cast iron,
each of 78 feet span, and between 11 and 12 feet
rise.. The breadth of thé roadway is 36 feet clear.
The architect was Mr Walker. The form of the
arches considerably resembles that of Messrs Jessop’s
bridges at Bristol; but it is semewhat lighter and

solidity in the blocks supporting the principal part of ™
the pressure. (Plate XLIII. fig. 2, 8.).

This advantage characterizes also very strongly
the masterly design of Mr Rennie for the structure
about to be erected at the bottom of Queen_ Street,
Cheapside, opposite to Guildhall, under the name of
the Southwark Bridge. It exhibits an excellent
specimen of firmness of mutual abutment in the parts
constituting the chief strength of the areh; which
has been shown in this essay to be 50 essential to the
security of the work, and which the architect has
probably been in great measure induced to adopt
from his practical’ experience of the comparative
merits of different arrangements. A plan of the
bridge was in February last made public in the Re-
pertory of Arts; a work which-amply deserves theé
encouragement of all those who wish to promote the
diffusion of useful information: and the magnitude
of the object is such, as to justify our entering inte
some details of calculation respecting the presstire
and strength of the different parts of the fabric,
founded on a particolar account of their weights and
dimensions, which has not yet been made public.
(Plate XLIIL fig. 4, 5,6.) .~ R

An ‘act of Parliament for the erection -of this
bridge was passed in 1811 ; but it ‘was not bégun
till 1814 ; the act having directed that ne dperations
should be commenced, "until 1.:“300;000, out of the. -
reguirel L. 200,000, should be raised by subscrip-
tion. The subscribers are allowed to receive ten per
cent. annually on their shares, -and the remainder of
the receipts is to be laid by, and to accumulate, until’
it shall become sufficient to pay off to the proptietors
the double amount of their subscriptions, and after
this time the bridge is to remain- open, without any
toll. A considerable:part of the'iron work is already
cast, by Messrs Walkers of Rotherham. The middle
arch is to be 240 feet in span, the side arches 2¥0
feet each, The abutment is -of -firm. masonry, con-
nected by dowels, to prevent its sliding ; -and resting
on gratings of timber, supported by oblique piles.
The piers stand on foundations nine or'ten feet below
the present bed -of the river, in order to -provide
against any -alterations which ‘may hereafter take

place in its' channel, from the operation of yarie. .

ous causes: and they are abundantly secared by a
flooring of timber; resting on a great -number -of
piles.

Weight of hulf of the middle arch of Souithuiark
Bridge.

8  5O0bligque Cross

No. Blocks. . Stays. frames, Crosses. Spandrifs. Total.

£ cwt. &owt. t ool & vl . cwd, t owt
16218 211 ™M 0 9 1 26 4 11117
2 6019 212 ‘10‘ 13 815 20 3- 108 4
8 5415 213 10 2 “8 3 82316 10810
4 51 8 211 917 2214 87 6 .
5 5017 218 915 9214 9519
6 51 2 218 9015 2415 88 6
half7 2512 212 20 7 4812
(Carry forward,) 64315
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Total.

t. cwt.

(Brought forward,) 64315

Covering-plates - - - 152 ©

Cornice and palisades - - 7 5

Roadway and pavement - - 650 0
‘Whole weight - - - 1523

Springing plate - - - 1810

Abutment - - - 11,000 ©

Span 240 feet. Rise 24. Depth of the blocks or

plates at the crown 6 feet; at the pier 8 fect.

It is evident from the inspection of this statement
of the weights, that their distribution is by no means

_capable of being accurately expressed by any one

formula; but it will be amply sufficient for the de-
termination of the thrust, to employ the approxima-
tion founded on the supposition of a parabolic curve
(Prop. T.); and if we afterwards wished to find the
effect of any local deviation from the assumed law of
the weight, we might have recourse to the mode of
calculation exemplified in the answer to the fifth
Question. But, in fact, that answer may of itself be
considered as sufficient to show, that the effect of a
variation of a few tons, from the load appropriate to
each part, would be wholly unimportant.

We must, therefore, begin by finding the weight
of a portion of the arch corresponding to a quarter
of the span; and the whole angle, of which the tan-

24

'genf is = 2, being 11° 18%, its sine is .1961;

and the angle, of which the sine is .09805, being

50 374, we have to compute the weight of 2:2:’ or

1,3%’ of the angular extent, beginning from the mid-

dle of the arch. And this will be 48 12 4 88 % 4~
95 1§ + (87F%) X 7845 = 297 tons. Now, the
weight of the covering-plates, cornice, palisades, road-
way, and pavement, are distributed throughout the
length, without sensible inequality, making 879 tons;
from which the part immediately above the piers
might be deducted ; but it will be safer to retain the
whole weight, especially as something must be al-
lowed for the greater extent of the upper surface of
the wedges. We shall, therefore, have, for the in-
terior quarter, 297 4 439.5 — 736.5 tons, and for
the exterior 15238 — 736.5 = 7806.5, the difference
being 50 tons; one-sixth of which, added to 756.5,
gives us 744.8 for the reduced weight, which is to
the lateral thrust as the rise to the half span, But
for the rise we must take 23 feet, since the middle
of the blocks next to the piers is a foot more remote
from the intrados than that of the blocks at the
crown. And the true half span, measured from the

same point, will be 4 X g—g greater than that of the

intrados, amounting to 121.6. We have, therefores
281121.6 = 745.8 . 3942 tons, for m the lateral thrust-

50

1
And.for ; az, 786.5 — 6= 728.2 ; whence, % z

1 : m o Bridge.
being 60.8, @ == 11.98, and » =—=52) feet, the U ridge

radius of curvature of the curve of equilibrium at the
vertex, while that of the middle of the blocks is 324.
In order to determine the ordinate 7, we have my =

.:Eaxﬁ.}. _;5- bx*; but -;-ﬂx for the whole arch is 728.2,

.
and i b2 = 50; consequently my = 728.2z 4 %)x,
<9

the first portion varying as % and the second as 2
and the sum y being 23 = 22.49 + .51, the ordinate
H . 1 1 S
bl - . —_— . 5 A-',
a.téxor 30.4 feet is 16)(2249 -+ 256X 51—

1.41; and, in a similar manner, any other ordircate
may be calculated, so that we have,

Middle of

x Y. the Bloeks.
-80.2 1.41 1.40
60.8. 5.65 5.67
91.0 13.02 12.89
121.6 23.00 23.00

Hence ‘it appears that the curve of equilibviuta
nowhere deviates more than about two inches from
the middle of the blocks, which is less than one
fortieth of the whole depth.

The half weight of . the smaller arches is probably
about 1300 tons, and their lateral thrust 8500 ; and, -
since the abutment weighs 11,000 tons, the founda-

3500
12300

than 1 in 4, if it were intended to stand on the piles
without friction; but in reality it rises only 66 inches
in 624, or nearly 1 in 9; so that there is an angular
difference of 1 in 7 between the direction of the
piles and that of the thrust, which is probably a de-
viation of no practical importance.

It remains to be inquired how far the series of .
masses.of solid iron, constituting the most esseritial
part of the arch, is well calculated to withstand the
utmost changes of temperature that can possibly oc-
cur to it in the severest seasons (Prop. K.) For this
purpose, we may take the mean depth a = 7 feet,

% being 28; then 1 +%—:%9—

tion ought to have an obliquity of » O more

= 14.14, and 1 +

16kh _ 9199
735 _
tual compression or extension of such a structure is
to the mean change which takes place in the direc-
tion of the chord, as 14.14 to 12.52, or as 1.120
to 1; and if, in a long and severe frost, the tempe-
rature varied from 52° to 20°, since the general di-

= 12.52 : consequently the greatest ac-

mensions would contract about 50100, the extreme

parts of the blocks near the abutments would vary
1.129
5000

of their length; and the modulus M being

5
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Bridze. about 10,000,000 feet, this change would produce:
\w~ % 3 resistance equivalent to the weight of a column

of the same substance 2258 feet high: that is, to
about three tons for each square inch, diminishing
gradually towards the middle of the blocks, and
converted on the other side into 4n opposite resist-
ance: so that this force would be added to the ge-
neral pressure below in case of contraction, and
above in case of extension. Now, the lateral thrust
is derived from a pressure equivalent to a column
about-829 feet high, of materials weighing 1523 tous,
while the blocks themselves weigh 857 ; that is, to a
column equal in section to the blocks, and 1400
feet high: it will, therefore, amount to about two
fons on each square inch: consequently such a
change of temperature, as has been supposed, will
cause the extreme parts of the abutments to bear a

ressure of five tons, where, in the ordinary circum-

stances, they have only to support-two.

The ingenious architect proposes to diminish this

contingent inconvenience, by causing the blocks to-
bear somewhat more- strongly on the abutments at

the middle than-at the sides; so as to allow some
little latitude of elevation and depression, in the na-
ture of* a joint: and, no doubt, this expedient will
prevent the great inequality of pressure which might
otherwise arise from the alternations of heat and cold.
But it cannot be denied that there must be some
waste  of strength in-such an arrangement; the ex-
treme parts of the abutments, and of the blocks
near them, contributing very little to-the general re-
sistance ; and when we consider the very accurate,
adjustment of the equilibriura throughout the whole
structure, we shall be convinced that there is no ne-
cessity-for any thing like so great a depth of the so-
lid blocks, especially near the abutments ; and that
the security would be amply sufficient if, with the
same weight of metal, they were made wider in a
transverse direction, preserving only the form: of'the
exterior ones on eacls side, if it were thought more
agreeable to the eye. Tn carpentry, where there is
often a transverse strain, and where stiffness. is fre-
quently required, we generally gain immensely by
throwing much of the substance of our beams into
the depth ; but in a bridge perfectly well balanced,
there is no .advantage whatever from depth of the
blocks : we only want enough to secure us against
accidental errors of construction, and against: partial
loads from extraneous weights;_and it is not pro-
bable that either of these causes, in such a bridge,
would ever bring the curve of equilibrinm six inches,
or even three, from its natural situation near the
middle of the blocks. .

We cannot conclude our inquiries into this subject
with a more striking example, than by applying the
principles of the theory to the magnificent edifice
which is now nearly finished, by the same judicious
and experienced architect, and which is destined to
bear the triumphant appellation of Waterloo Bridge ;
a work not less pre-eminent among the bridges of all
ages and countries, than the event which it will
commemorate is unrivalled in the annals of ancient
or modern history. It consists of nine elliptical
arches, each of 120 feet span, and 35 feet rises The
piers are 20 feet thick, the road 28 feet wide, be-
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sides a foot pavement of seven feet on each side, Bridge.

The arches aed piers are built of large blocks of.
granite, with. short counterarches over each pier.
The haunches are filled up, as is usual in the most.
modern bridges, by spandrils, or longitudinal walls
of brick, covered with flat stones, and extending-
over about half the span of the arch ; the remajnder
being merely covered with earth or gravel, which is
also continued over the stones covering the spandrils..
The hollow spaces between the walls are carefully
closed above, and provided with outlets below, in
order to secure them from becoming receptacles of
water, which would be injurious to the durability,of
the structure. The mean specific gravity of the ma-
terials is such, that a cubic yard of the. granite
weighs exactly two tons, of the brick work one
ton, and of the earth a ton'and an eighth, Hence,
the weight of the whole may be obtained from the
annexed statement. . (Plate XL1V. fig. 1, 2, 8.)

Contents of the materials in half an archﬂqf Wa-
terloo Bridge. from. the middle of ihe. pier to the
crown, beginning from tlzp springing of the‘ arsh.

Cubig. Feet.

Half of the arch stones, - 25811,
Half of the inverted arch, - 2555
Square spandril between them, 1994,
Outside spandril walls, - 4374
Spandrils of brick, - 4976 (=2489).
Kirbels of the brick spandrils, 21RTL

- 'Flat stone covers,, - - T 969 -
Earth, . - -

- 10260 (=5771)
- 620

Foot-pavement, ~ - -. 620
Frises, E. and W, . - 1586
Cornice, BEcand W, - <« - - . .1120
Plinth of balustrade, ~ = - 510
Solid in parapet, - - 416
Balusters 72, 151 cwt. - 102

- Coping, E, and W. - - 142

From this statement, and from a consideration of
the arrangement of the materials, exhibited in the
plate, we may infer that the half arch, terminated
-where the middle line of the arch-stones enters the
pier, is equivalent in weight to about 54,000 cubic
feet of gramite; its inner balf containing in round
numbers 13,000, and its outer 21,000, whence we
have 14,838 for the reduced weight of the quarter
arch (Prop. T.). The extreme ordinaté will be
sbout 21 feet; the middle of the blocks being some-
what more than 16 feet above the springing of the

arch, and the key-stone being four feet six inches. .

deep; consequently the horizontal thrust will be

6 .
expressed by 14,883 x —Q-(i)- = 40,952 cubic feet,

weighing 3033 tons. - But %ax beiiag 11667, and .

1 P " 40952
feet ; while the radius of curvature of the ellinsis at

che crown is 597—3)-;—@ =103 feet. It is obvious,
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joints in the neighbourhicod of D will be incapable Bridge

Bridge” therefore, that the curve -of equilibrium will pass

RBrisso

1.

everywhere extremely near to the middle of the

Wvblocks, and there can be no apprehension of any de-
fi

ciency in the equilibrium, it is true that, as it ap-
proaches to the piers, it acquires an obliquity of a
few degrees to the joints; but the disposition to
slide would be abundantly obviated by the friction
alone, even if the joints were not secured by other
precautions. :

In building the arches, the stones were rammed
together with very considerable force, so that, upon
the removal of the centres, none of the arches sunk
more than an inch and a half. In short, the accura.
cy of the whole execution seems to have vied with
the beauty of the design, and with the skill of the
arrangement, to render the Bridge of Waterloo a
monument, of which the metropolis of the British
Empire will have abundant reason to be proud, for
a long series of successive ages. '

)

EXPLANATION OF THE PLATES.

Plate XLIL fig. 1. If AB represent the distance
of any two particles of matter, and BC, DE; FG
the repulsive forces at the distances AB, AD, AF
respectively, and BC, DH, FI, the corresponding
-cohesive forces, then GI must be uitimately to EH
as FB to BD. (Sect. L. Prop. A.)

Fig. 2. The block will support twice as _great a
pressure applied at A as at B. (Prop. B.)

Fig. 3. It is obvious that ABC— ADE = ABC
—CFG, HI being = HX, and HG=HA ; and the
difference ABFHA is always equal tc DB x KH.
{Prop. C.)

Fig, 4. It is evident that ABis to CD as AE to
CE, orasz 4 Ja to z. {Prop. E.) It is also ob-
vious that as z or CE is to CD, so is EF to FG.
(Prop. F.) ’ '

Fig. 5. Supposing the arch AB to be so loaded
in the neighbourhood of C as to require the curve
of equilibrium to assume the form ADCEB, the

of resisting the pressure in the direction 6f the curve
CD, and must tend to turn on their internal termj.

nations as centres, and to open externally. {Prop.
Y.) ’ '
Fig. 6. A, B, C, Different steps in the fall of g

weak arch. (Prop. Y.)
Tig. 7. Elevation and plan of Mess. Telford and

Douglas’s proposed iron-bridge over the Thames..

(Sect. V.)
Fig. 8. Elevation of Mr Darby’s iron Dridge at
Colebrook Dale. (Sect. VL)
Fig.y. Elevation of Mr Burdon’s Bridge at Wear-
mouth. (Sect. VL) ‘
Fig. 10. Elevation of Mr Telford’s Bridge at
Buiidwas. (Sect. VL), ‘ .
Fig. 11. Elevation of Messrs Jessop’s Bridges at
Bristol:  {Sect. VL) ) :
Fig. 12. Elevation of Mr Telford's Aqueduct
Bridge at Pontcysylte. (Sect. VI.)
Plate XLIIL. Fig. 1. Elevation of the Bridge of
the Louvre at Paris. (Sect. VL) »
Fig. 2. Elevation of Vauxhall Bridge. (Sect. VL)
Fig. 3. Middle archof Vauxhall Bridge. (Sect. V1)
V}F)ig. 4. Middle arch of Southwark Bridge. (Sect.
Fig, 5. Elevation of Southwark Bridge. (Sect. VL)
Fig. 6. Plan of Southwark Bridge. (Sect. VI.}
Fig. 7. Elevation of London Bridge in its present
state. (Sect. IV.)
_Fig. 8. Plan of London Bridge, with its sterlings,
(Sect. IV.)
Fig.9. London Bridge, as proposed by Mr Dance
to be altered.

. Plate XLIV. Fig. 1. Elevation of Waterloo Bridge -
(Sect. VL)

Fig. 2. Plan of Waterloo Bridge. (Sect. VL) -

Fig. 3. Section of an arch of Waterloo Bridge,
showing the foundations of the piers, and the span-
dril walls of brick; together with the centre sup-
porting it. The dotted line represents the direction
of the curve of equilibrium, (Sect. VI)  {o.r.)

e —ereo—

BRISSON (MartaurIiN JAMES), a zoologist and
natural philosopher, born at Fontenay le Comte,
3d April 1723, the son of Mathurin Brisson and
Louisa Gabrielle Jourdain. .

He was originally intended for the church, but he
had acquired at an early age a taste for natural his-
tory, which was particularly encouraged by the ad-
vantage that he enjoyed of passing his holidays with
the justly celebrated Réaumur, who had an estate
near Fontenay. At the age of twenty-four, he had
made great progress in his theological studies, and
had fully qualified himself for the rank of a subdea-
con ; but his courage failed him at the time appoint-
ed for taking orders, and he then determined to con-
fine himself to the study of physical sciences. Réau-
mur had the direction of the Chemical Laboratory
of the Academy of Sciences, and had given up the
selary attached to it to several young men in succes-
sion, whom he appointed as his assistants, and of
whom Pitot and Nollet became afterwards the most

7

distinguished- He now chose Brisson for the situa-
tion, which served him, as it had done his predeces-
sors, rather as a step in his advancement with respect
to general science, than in enabling him to pursue
any objects more immediately chemical ; and he fol-
lowed his passion in attaching himself, almost exclu-
sively, to natural history. The collection of Réau-
mur furnished him with ample materials for his stu-
dies, and with the principal subjects described in his
works on the Animal Kingdom. 'The first of these
was published in 1756, containing quadrupeds and
cetaceous animals. It consists of simple descriptions
of the different species, together with synonyms in
various languages, more in the nature of a prodro-
mus than of a complete history. His Ornithologic
appeared in 1760, forming six volumes, and contain-
ing a number of well-executed plates. But upon
Réaumur’s death, the collection having been added
to the Royal Cabinet, Messrs Buffon and Daubenton,
the Directors of that Cabinet, not affording him ail

"

risson,
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