Menai Bridge 1818-2¢

Evolution of design*

ROLAND A. PAXTON

The first significant period of iron suspension brid
modern times occurred in North America about 1800, Th:
opment stimulated interest in Britain, and an era be :; hls_
to the establishment of the suspension bridge a5 E;h: Which Jeq
achieving the largest spans. This period, dominated bmcans of
Bridge, effectively began in 1811 and was one of subst anti!"'nf"-‘ltn.:i
gressive development for about two decades, followed b‘f: Y pro-
consolidation and occasional improvements. The art ¢ i
France about 1823 onwards with the subse : Prﬁa‘% i

: 1bsequent emphasis, partiey.
larly after 1830, on suspension from wire cables. At the approach g
the middle of the century the mainstream of development retirneqd
to the USA.

The experimentally based design practice of an American judge,
James Finley,' exemplified in the Merrimack Bridge, Massa-
chusetts, of 244 ft span and built in 1810, had little influence on
British practice, although his bridges, in demonstrating the practi-
cability of the wrought iron suspension bridge concept. gave
impetus generally to the development of this type of structure. The
attitude of contemporary British engineers to Finley's work is
reflected in Telford’s comment that ‘British dexterity upon
superior materials’ would improve on the North American
bridges.’

The origins of the evolution of the Menai Bridge design can b¢
traced to a Telford proposal of 1811 for a cast-iron bridge to carry
the London to Holyhead Road over the Menai Strait, close ©
site eventually adopted for the suspension bridge. A %ﬂﬂ fe ’P"';__
cast-iron arch was proposed, and because of the im?ract;cabﬂl!}”’

5 : i I hw
*This paper is a shortened and revised version of that pubhihrd G TW'“
men Soc., 1979, 49, 27110, and is reprinted by permission sEtic
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g, A Paxtol
pport for the arch centering from the bottom

tideway in fast moving water, Telford pro-
tering from above (Fig. 1). The centering
f four parallel rib frames spanning the
aterway in sections _stnd supported by a series f:-f"l‘.-"z in. square sec-
on dron SEAYS: Ladiating two to a frame from .tll'ﬂhf:‘r side towers of
ﬂu Jdrant clevation. Each stay was continuous (presumably
ifcldcd} from the rib frame to about 50 ft from the tower, where it
dbya fexible chaintoa winch.’

Telford’s proposed us¢ of continuous iron bar suspension mem-
bers in preference to link chains, which would have had to be hea-
vier to provide the same strength, demonstrates an efficient
approach and furnishes one of the carliest examples of what is now
modern practice in respect of the use of steel wire cables. In his cal-
culations Telford Jssumed the breaking stress of a bar to be 80 000
Ib/sq. in. (35.7 tons/sq. in.) and multiplied this figure by the cross-
cectional area of the bar to give a ‘suspending power’ of 180 000 1b.*
He did not use the term ‘stress’. which came into general use later,
but in applying a proportionality factor it is evident that he under-
stood the concept of the term. The design was optimistic in terms
of strength, reflecting the general inadequacy of ‘strength of ma-
terials’ knowledge at that time. Nevertheless, there is little doubt
that this ingenious concept, which is typical of Telford’s bold and
imaginative approach to civil engineering design, could then have
been successfully put into effect if the political decision to proceed
with the project had been taken. In its use of wrought-iron bars in
direct tension as a principal means of support, this proposal can be
considered the precursor of the ambitious proposal Telford put for-
ward for a suspension bridge at Runcorn.

oviding 369U E
of the deeP and rocky
ssed suspending e et
Fas to have consisted ©

was attache

Runcorn Bridge project, 1814—18
The experimentally based design work undertaken by Telford in
connection with the Runcorn Bridge scheme undoubtedly was the
next stage in the evolution of the Menai Bridge design. Although
::’]"'El: implemented, this project exercised an important influence
Whjtche general development of suspension bridges. The bridge,
ak GrWas to ha:ve crossed the River Mersey at Runcorn Qap. was
T a plan to improve road communication between Liverpool,
idlands and London. Telford, who became engineer for the
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nsidered a suspension bridge to be the only prac-
COIad 5 =) T 5

~ving the crossing, tor navigational and founda-
" ced a structure 2000 ft long with a central

ﬂj'ﬁ'f[ in ]31‘.*. I:hl-
._-hie way ofd - e
picd ns and propess
; d W
on I+ 5 GI-HH'IHI ft.

[I€3r 5P ught'iron Hquenf.i[_‘ll‘l bfldgc of this magnitudt‘: was then
wrd

Jented in terms of design, construction and technol-
e ecessary for its projectors to demonstrate its prac-
de a basis for his design, Telford made in the
of 1814 and mainly at Brunton's London cable

PI

unp
dirwas n
y To !JT'UVI
ummer

e
V. an
bt
nf;ng and $
man afactory:
200 Experiments upon malleable iron, of from one twen-
halfinch diameter, and on lengths varying from 31 to
o0 fect, The Experiments were made perpendicularly, horizontally,
and with different degrees of curvature. The Results were that a Bar of
od malleable Charcoal Iron, one Inch square, will suspend 27 tons,
f:& that an Iron Wire one tenth of an inch diameter (100 feet of which
weighs 3 1b 3 0z) will suspend 700 Ibs, and that the latter with a Curva-
rure or versed sine of one fiftieth of the Chord line, will besides its own
weight suspend one tenth part of the weight suspended perpendicularly
when disposed at one fourth, one half, and three fourths of its length;
+nd that with a Curvature of one twentieth of the Chord line it will sus-
pend one third of the aforesaid perpendicular weight, when disposed in
3 similar manner. Experiments upon other diameters correspond suffi-

o abG‘k‘C
geth o one and

ciently soon”

In some of these experiments the forces measured were first that
at which the permanent elongation of wrought-iron bars began,
and then that at which breaking occurred: in modern terms the de-
termination of ‘elastic limit’ and ‘ultimate tensile strength’. From
these experiments, which in respect of elastic limit were among the
earliest to be conducted, Telford was led to believe that stretching
occurred at about 18 tons/sq. in. Later technology would suggest
12-15 tons/sq.in. as a more likely figure. However, he adopted 15
tons/sq. in. and 27 tons/sq. in. for the stretching and breaking
:;mus_crf uf"rcl‘ught-irnn bars®? and just under 40 tons/sq. in. for the

lﬂkfng limit of 0.1 in. dia. iron wire.”
timlj;deﬂ;ﬁF strength data Tf:]ford made out two sets of calculla-
alie :lt:lma;cs for the bridge, one based on t]:lc use of_' wire
S oot bﬂ other on the use of bar cables. The principal dimen-

ridge were the same for both arrangements, namely a
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central span ot HJ_H!..J ft, 51&_1:‘ spans of 500 f and 1313._36
towers about 140 fta bove high water leve], The my; : P¥ramig
to have been from sixteen cables in foyr rows. e ain SUppor 1ﬂ?al
ture depth from their chord line at mid-span -::):f'j;m With L‘un,“
The roadways were to have derived additiona] s, 20th of the p 1:;
ther 26 cables (eight underneath, fourteen at thPPU:rt from ,
diagonal) with a curvature depth of 1/50¢h of the £ sides and
ducing a | in 12/2 maximum longitudinal El'ad%pa“‘.

R ; 1ent
adjoining the towers. This arrangement would L 10 the doc)
headroom of nearly 80 ft above the deepest naviw—;} Provided ,
which was close to the south pier (Fig. 2). Bable chanpe)

Wire cable design, _1‘3 14. Thf: proposal to use cables COnsist:
many hundreds of small diameter near-parallel wires :Z?:,f of
nearl}r !.:: 000 lII‘lI}(’:S in length (Table 1) represents a remark Ibnlg
design innovation and one that is conceprually close to m 0‘; ¢
practice. It was supported by the construction and testing uﬂ;m
load of a scale model 30 ft in length. Nearly a decade was 1o pa::
before Messrs Seguin of Annonay introduced wire suspension
bridges on the Continent.

Thf_: mtt?md_o_f calculating the ‘power of suspension’ of 2443 tans
for this design is illustrated in Table 1. The weight to be suspcn.cied.
exclusive of that of the cables themselves, as in the experiments,
was calculated at 1200 tons, and the safety margin was therefore
1243 tons, which represents a much lower safety factor than that
eventually adopted for Menai Bridge. This design can be assumed
to have been prepared under Telford’s direction by William A,
Provis, who first worked for him in 1805 and from 1808 as his
pupil, later becoming Resident Engineer for Menai Bridge. The
design was not adopted, probably more on grounds of cost rather
than because of any doubts about its technical feasibility. Even
allowing for the greater strength of the wire cables, the estimates
indicate that they would have cost about 60% more than the bar
cables. : ch

Bar cable design, 1814. In the alternative bar cable design, ”‘;ﬂ
cable in the upper curve was to have consisted of 362 in. sqgiu
bars, butt-welded to form continuous elements and rﬂﬂ_l'_:m_g a.t-;; he
square, with an iron segment on each face to enable the h_az?]j 2 7
pressed firmly together (Fig. 3). Waterproofing Was_w‘he ac s
by filling interstices with a mixture of beeswax and resin, COTEEE

ﬁ.tr;

! four
thus MNitrp.







Fig. 3. Runcorn Bridge project 1814-18: proposed composite bar cable detail (Tel-
ford drawings, Institution of Civil Engineers)

the surface of the cable with flannel saturated with this compound,
and wrapping the whole round with wire. Bucklings were to be
provided at 5 ft intervals. A specimen length of cable was made up,
in association with Bryan Donkin, an engineer who supported 1ts
practicability.

Telford envisaged, as he did for the wire design, that the stresses
in the bridge would be equalized between the upper and lower
cables. He used the same strength factors as for the wire dﬂsig.“_h“‘
applied to a breaking stress of 27 tons/sq. in. The suspended weight
and ‘power of suspension’ were almost identical with the ﬁ‘.ﬁ'-'-"ﬁ_
for the wire cable design (Table 1). The maximum Stress _"-'Lt.-ut.
cables on the basis of Telford’s experiments would have been abe

15.7 tons/sq. in. (15.3 tons/sq. in. from theory) of which nearly |
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Menai Brig, 18155
5]

of tl?t cableg
‘ohlv stressed ¢ limit® dae, |
have been too highly stressed to have provided an aq

margin for the bridge. It 15 difficult to envisage the €qu uate sa,

rons/sg. in. was induced by the self-weight
design. based on the inaccurately high ‘elasy Thy
a, wnuld
ali

zatiﬂn
ts of

stresses taking place uniformly in practice Beovaho
4] 1&rg
ta

structure.

Work on th{'_p:'ﬂjcct was considered tu_haw: matured b
ber 18_]4, but finance was not forthcoming, and evenpy,
Jull of 2 yfars,_much discussion, consideration of other
further experiments, a more economical version of
emerged in July 1817,

_ Modified im..- cable design. The modiﬁ_ed c}esign, which can be cop.
sidered the direct forerunner of Menai Bridge, represented a ¢ n.
derable improvement on its predecessor. The cables un dﬂozs:
adjoining the roadway were abandoned, suspension now bei:
solely from the main cables, a change which eliminated the lu:mgmf_
dinal sag in the deck. This refinement resulted in considerable
saving in ironwork. A further reduction in suspended weight was
achieved by adopting a much lighter deck, the result of which with
the retention of the previous cable arrangements, had the effect of
reducing the maximum design stress to about 11.6 tons/sq. in,
Other improvements were the lowering of the cables from 15 to
about 7 ft above the roadway at mid-span, whilst maintaining the
came cable curvature, and also in achieving a more direct line of
anchorage (compare Figs 2 and 8). In the 1814 designs the suspen-
sion lines were carried over cast-iron frames of quadrant elevation
at each side of the bridge (a development of the 1811 Menai center-
ing proposal towers shown in Fig. 1), from a nearly horizontal
alingnment to terminate vertically in the lugs of a large iron casting
embaodied into masonry. :

The modified design was supported by additional experimental
work. In May 1817, Telford, Donkin and John Fletcher G.f Chester,
a canal engineer and surveyor, conducted further experm}tﬂtsfﬂ
the strength of wrought iron at Brunton’s works, and contnue 3::'
obtain results which now seem unrealistically high by 3?““‘ z's,mi
In one experiment, which is a good example of Telf?ﬂ_i 5 Prba'-j“n %
approach to suspension bridge design, the force required 10 DPE.
chain to curvature depths at mid-span of 1/ 4 _
was determined (Fig. 4). Telford concluded that to achieved

ally after 5
designs ang
the design

0 of its Spa”
15.6to 1/200




L
Fig. 4. Runcorn Bridge pl"ﬂjfﬂ 1817: Telford’s experimental determination of
Jorce required to bring a suspension chain to different degrees of curvature ( Telford
notebook, Institution of Civil Engineers)
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: , Menai Bridge 131,
ture depth of 1 /20 span a force 2V2 times the weight oft] 26
required, result he used in 1819 for the Menaj Br‘:j“ha
Although this figure can be calculated quite readil f'I Be
Telford placed little reliance on such methods, Pr:t:ﬂ:“f'm theg |
ceed on the basis of experiment. This modus operands wﬂu;g 10 pro.
cely countenanced as a modern engineering rECh"iquEub b(:ﬁcnra
undoubtedly Hlll]it'it.‘[]lil‘;' accurate and prudent at the tin‘:: I.t w;s
absence of adeguatcly developed and propagated thmm the
Tefica)

n Wﬂ.s
d[‘sign

methods
Outcome. Although the estimate of £66 565.15s for imp]
tment.

ing this airx:;-_n. was about 25% less than its predecessor. b M
1818 subscriptions had only reached about £25 000, and :i'lui '1:1:“!r
was not built. In fact, about half a century was to pass before ;ugl‘
corn Gap was eventually spanned by the engineer William Bakr;_.n-
using lattice girders. er,

The l]ltusntfsiilctﬂr}f outcome of the 1814-18 project was very djs-
appointing for the promoters, including Telford and his team, byt
their efforts were not without effect. As Provis commented, the
project established a new era in the art of bridge building and ‘the
publication of Mr. Telford’s design led to the construction of
bridges and piers on the suspension principle in almost every part
of the kingdom.” In fact, Telford had provided an experimental
basis and developed a practicable design for such structures which
attracted the support of informed opinion. His experimental res-
ults were widely publicized by Barlow of the Royal Military Acad-
emy’ and others. Within a matter of months the opportunity to
construct a long-span suspension bridge over Menai Strait
occurred, and Telford and Provis, undoubtedly the best qualified
engineers of their day for this task, took up the challenge.

In connection with the Runcorn project, mention should be
made of the role of Capt. Samuel Brown. Even though he had had
very little experience of bridge building at this time, his proposal
for the bridge being ‘only a sketch of a chain’,” he was an auﬂ‘mﬁtv‘
on the design and manufacture of iron chains, the use of which he
was anxious to promote. Although Telford did not adopt ﬂlulﬂnﬁ_
link bar chain of the type developed and promoted by Brown (o
Fig. 7), the two men had a useful technical conference re|ﬂ.tll.18t
mainly to the proposed ironwork and timber deck arrang-?m'f;'n
Brown’s support undoubtedly added credibility to the Runce
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project, which, in turn, created much wider j;
than he had been able to engender with his w
1813 or 1814," and helped him to become
bridge and pier builder.

iteresy i, th
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orks mode] hr—l bjtgt
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Menai Bridge, 1818-26 |
151 3,. 1 _('?f‘.:lr:f[ .I'u-::j‘_?,:l,." In.;rp?mf. In the latter pPartof 1817 Telf,
asked by the Chaneellor of the Exchequer to report on th ord w e |
bility of carrying the Holyhead Road across the Mcnat' ;pr,a':'fica..
suspension bridge. In February 1818 he was on sjte :tlmitmlt o
had pr(:prnsvd an outline plan and report for a sixteen t:ah!.: bb' Ma',.r
Ynys-y-Moch (Fig. 5) with a 560 ft central chord meml‘ldge =
ported from cast-iron tower frames with backStaFS bl igr sy
masonry approach arches (Fig. 6(a)). Although Telford ccrnrslit{? e
this propoesal practicable and substantial, he forewarned 4 Sha“f‘-'ffd
tainly during the time the stonework is constructing, C]aimc;:;
privilege of repeating and extending my experiments. in order
arrive at the most perfect mode this principle is susceptible of’ .3]:
fact, the design process was almost continuous from 1818 !;{; the
completion of the bridge in 1826, the timing of particular design
elements being dictated by the progress of other work, This proce-
dure, which resulted in the evolution of a much improved design
by allowing more time and, in consequence, greater flexibility in
the design process, proved to be very necessary due to the unprece-
dented nature of the bridge and the technology required for its con-
struction.
In May 1818 Telford and other technical witnesses were called
before the Holyhead Road Commissioners to give evidence on the
practicability of a suspension bridge. The project received general
agreement. At first, Telford proposed to use bar cables (Fig. 3) as
the principal means of support; John Rennie preferred chains. Nei-
ther Telford nor Rennie thought that there would be any injury to
the bridge from wind. Professor Barlow and William Chapman,
Newcastle civil engineer, had made theoretical calculations on the
strength of the bridge and gave the proposal their support.
Telford advised that the bridge could be built for £70 000 and
within three years. This sum was much lower than the previoss !
estimates for cast-iron bridges, of £127 331 (1811) by Telford anc
£268 500 (1802) by Rennie. In fact, the bridge took eight years [

o
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complete and cost about £178 000" exclusive of approach road and
ferry compensation (not the usually quoted figure of £120 000y,
but the structure as built was larger and stronger than originally
envisaged.

William Provis was appointed Resident Engineer in June 1818,
In August he and the masonry contractors, Straphen and Hall, laid
the foundation stone to the Anglesey pier. On 24 April, 1819, Tel-
ford reported to the Parliamentary Select Committee for the Holy-
head Road that the suspended weight of the bridge

‘is 342 tons: by numerous experiments . . . it appears that with a chord
line of 560 feet; and a versed sine of 37 (or a curvature of 1/15th) 2 bar of
good iron, one inch square, will, besides its own weight, carry 1014
tons, and about one half of that weight before it begins to stretch. For
the Menai Bridge, [ have taken a section of 192 square inches, which at
514 pons to each square inch, will support 1008 tons,'

To guard against undulation effects he proposed making the road-
way sides of framed ironwork. He continued:

“. . . With a bridge 30 feet in breadth, and 532 feet in length there is not
much to be apprehended from side vibration . . . contraction or expan-
sion . . . with a difference of 90 degrees of Fahrenheit . . . about 5
inches upon 700 feet . . . The weight of the bridge is 489 tons, upon
which, if 300 tons additional are placed, they make 789 tons. The pull of
this weight at the abutments . . . is found by my experiments over a
pulley . . . equal to about two and a half times the weight on the other
side, or 1972 tons.™

In this account there is an inconsistency in that the ‘two and a half
times’ pull relates to a curve with a central deflexion of 1/20 span
(Fig. 4) or say 30 ft, in this case, and not the ‘versed sine of 37 as he
supposed. It seems clear from the application of the experimental
result and scaling from the drawing that Telford intended the cen-
tral deflexion to be 30 ft at this time. The proposed dead load design
stress of 5% in/sq. in. was much safer than previously proposed
and it is evident that Telford had catered for temperature changes,
and also, as far as his knowledge would allow, for undulation.
Rennie and Donkin were called before the Select Committee and
continued to support the proposal, although Rennie advised
increasing the strength of the chains by about 20%.

As it transpired, more time was available for design work than
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had been first anticipated because of delay to the masonry
The hard limestone of which the bridge is built was transFGrttzr:'
cea from quarries near Penmon Point, Anglesey (Fig. 5). Fy Y
1818 onwards many Storms affected delivery of stone shipm;‘lm
and caused delays on the project to be in terms of vears. In lﬂzt;
slone, three ships, the Sally (ot 70 tons), the Alice-Ann and the Wine
ford were wrecked. The resignation of Straphen and Hall o :heih
\eract after only 8 months was another contributory factor to ;h;
delay. In 1820 this contract was taken over by John Wilson, one of
Telford’s principal masonry contractors on the Caledonian Canal
works, which by then were substantially complete. It was not upg]
the middle of IHL?’I that thE‘_ advance of the masonry work made ¢
necessary to finalize the design of the ironwork.

Design modifications, 1821-23. The principal modifications to the
original design included increasing the span to almost 580 f, rais-
ing the towers from 37 ft to 50 ft above the roadway, substituting
masonry for cast iron, lengthening the main chains, anchoring
them in solid rock, and increasing their cross-sectional area and
depth of curvature. With regard to the two latter points, Telford
did not consider any change necessary, but deferred to the opinion
of Rennie in respect of an increase in cros s-sectional area and to that
of Davies Gilbert, a mathematician and Holyhead Road Commiss-
ioner, and Professor Barlow, for an increase in depth of curvature.
A cross-sectional area of 260 sq. in. was adopted and a depth of cur-
vature of 43 ft.

The decision to abandon the composite bar cable in favour of
chain bats was taken some time between April 1819 and July 1821,
probably in 1820. Telford was undoubtedly influenced in this
matter by Captain Brown’s eye-bar links, possibly by their suc-
cessful application at Union Bridge over the Tweed in Berwick-
shire, He may also have wished to accommodate Rennie’s
preference for chains. Whatever the reason, the bar link was the
most practicable proposition at the time. Telford employed it in a
more ingenious way than Brown, by cross-bolting the bars n
parallel instead of resting T bar hangers on the top of the individual
lines of chain (Fig. 7).

In the latter part of 1822 progress on pier building made neces-
sary the finalization of the saddle and anchorage designs. A com-
parison between the revised Runcorn Bridge and the Impro

ciol
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anchorage in rock at Menai is shown in Fig. 8. The piers had
reached roadway level, and before proceeding further it was de-
cided to increase the tower heights by a further 2 ft in order that the
roadway at mid-span could be lifted by a similar amount, thus
obviating visual unattractiveness due to the deck sagging with tem-
perature changes below a horizontal line. The propriety of this
degree of design sensitivity became apparent later, when a winter/
summer differental of 11 in. at mid span was observed, associated
with a movement of about 1% in. at each saddle.

The dowelled masonry towers, one of the most remarkable and
successful features of the bridge, were completed in 1824. They
were designed not only to take the vertical load, but also a signifi-
cant horizontal force, caused by the angles of the chains being
nearly 2° different from the horizontal at each side of the Caernar-
vonshire tower. This was to allow more headroom on the
approach road, which turns under the north chains near the toll
house. The expense of the masonry, the most costly single element
of the bridge, amounted to about £88 000.

Ironwork

The contract with William Hazeldine for the manufacture and
delivery of the ironwork was entered into soon after the drawings
had been made in July 1821. The ironwork was manufacrured at
Upton Forge and finished and tested in Hazeldine's Coleham
workshops in Shrewsbury. Most of it was transported via the
Ellesmere and Chester Canals and then by sea from Chester to
Menai. Every operation in connection with the manufacture, fin-
1shing and testing of the ironwork was performed under the con-
trol of John Provis, brother of William Provis. The scale of the
work was unprecedented. The sixteen main chains were each 1710
ft long and consisted of 14 960 eye-bars about 9% ft long, some
16 000 connecting plates about 1% ft long, and 6000 3 in. dia.
screw-pins 16 in, long (Fig. 7).

Hazeldine's facilities were originally inadequate to meet the tech-
nological challenge of the work, and the first cargo of main chain
bars was not delivered at Menai until 31 October, 1822, In the win-
ters of 1822-23 and 182324 the forge at Upton was flooded several
times. Considerable difficulty was experienced in obtaining bars of
the correct length when the holes were hot-formed and from 1823
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anwards they were cold-drilled on site using a speciay 26
ted machine. Even 5o, 1t did not prove an casy ¢ y Constry,

;g ask ¢ ;
parallel five-bar chain (Fig. 7). These and other s ﬂbacz::h]““

insufficient ironwork being available at the bridge s_ﬂsu?ttd in
summer of 1824. In retrospect, Thomas Rhodes, ‘*;hgltﬁ in

viously worked with Telford on the ironwork of the Cat ad pre-
Canal and who supervised the ironwork fixing at Mena ;d‘?naan
thought that link manufacture could be improved in future b Ndge
ing the pins true, boring the links correctly to length and Ylu;n-
their ends through a rolling mill. Passing

On 30 June, 1824, the Commissioners expressed concern aho
the great delay in finishing the ironwork, and asked Telforg o ut
sider and report on whether it might not therefore be advisabl;nt;
offer the Conway Bridge ironwork to some other CORtractor
However, this did not prove necessary, as the measures taken h:.;,
Hazeldine at Shrewsbury, which included provision of new work.
shops and a large steam engine to power machinery for turning
saddle rollers, punching eyes and cutting screw-pins, were already
taking effect.

Payments to Hazledine for Menai Bridge began about August
1821 and some measure of the difficulties he encountered is reflec-
ted in the fact that by December 1822 he had been paid only £2643
from an eventual total of about £68 (00. The manufacture and test-
ing of the ironwork was at the forefront of the technology of its
time and resulted in considerable design innovation in respect of 2
whole range of equipment (Fig. 9). From the time of the design and
building of the bar tester in 1822 until 1824, the design of equip-
ment for various purposes was virtually a continuous process.
Nothing that could be tested or measured was left to chance. Every
main chain bar and connecting plate was proved by John Provis
with a force of 35 tons (about 11 tons/sq. in.). After testing, the bar
was checked for permanent deformation, and if satisfactory, Was
stamped with Provis’s proof mark, a raised cross within a /4 in. dié
saucer-shaped indentation. Of the 35 649 bars and plates tﬁf:t'-'?d-
about 6.7% were discarded. Most of the bars rejected were either
too long or too short, and many of the plates were imP’“r“fd?
welded under the forge hammer. A good many of the bars fa:!
near their ends, probably from repeated heating and cooling whilst
the eyes were being formed.
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On 31 March the first anchorage bt e
intensive period of ironwork erection b an in tfm;

The 1 in. X 3V2in. bars for theside spans were asge, p
ing close to their final positions. In the tunne
chorages, the chains were fixed from the castings
to meet the chaius fixed from the saddles do
pletion of the side spans the chains for the cen
out, attached to a til-end of chain hanging down
Caernarvonshire tower (Fig. 10), and then hoisted
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on the Anglesey tower by means of specially designed capstans All
sixteen chains were erected between 26 April and 9 July, 1825 Inim
’ 1

of them taking less than 2 hours to put up.
Undulation problems and strengthening
Payments to Rhodes in respect of Menai
about £11 000. About £3200 of this w
effects of the undulation which becam

ately after the opening of the bridge o1
phase of the project.

In October 1825 when work was in progress on the deck, Tel-
ford had asked Rhodes for 3 report on side vibration and w;rticni
undulation. Rhodes had observed that when the chains were hang-
ing singly with a gale of wind the vibration was from 6to 8 in. each
way. If the wind struck obliquely the undulation was considerahble
but when the chains were connected to the short suspenders thes-.;

motions were reduced. When the roadway was begun the undula

tion and vibration was very great and the men had considerable dif-
ficulty in standing:

Bridge amounted tq
as spent in combatting the
€ apparent almost immedj-
130 January, 1826 — the last

*. . . the motion resemnbles much 2 ship riding at anchor when blowing
fresh. . . weare now nailing the first tier of plank down to the roadway
bars & at every strake that is fastened [ perceive it gets stiffer . . '

By the end of December, after a storm. the question of additional
ironwork was under active consideration. Rhodes suggested
restraining the movement of the chains by lines of rods 1 in_ square
radiating from the corner of the base of the suspension pillar at the
roadway. On 4 and 5 January, 1826, more gales occurred. resulting
in very considerable undulation, which compelled the workmen to
leave the bridge. On 10 February, 48 suspenders were found to be
broken at the roadway bar bolt holes (Fig. 11). Several days later a
considerable number more were broken. Rhodes suggested the
introduction of a pin-jointed section to replace the roadway ends of
the suspenders, but this idea was not adopted at that time. Rhodes
and Provis believed that gusts of wind first deranged the chains and
that deck undulation then followed. Transverse chain bracing was
incorporated into the bridge during the early summer of 1826, The
maximum undulation in the severest storm before its provision
was said to be about 18 in, but afterwards it never exceeded 6 in.
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Fig. 11 Rhodes’ sketch showing suspender bars fractured at voadway bar bolt holes
(a—a), {Letter to Telford, ref. 15)

Henry Palmer, who had assisted Telford during the early years
of the project, later confirmed that the probability of deck trussing
being required had been foreseen, but that Telford, after anxious
consideration, had decided to omit it initially and to adopt it later if
necessary. In 1832 the bridge was said to be ‘unimpaired and in per-
fect security’,' and it was not until 1836, after Telford’s death, that
further problems arose.

The torsional undulation problems at Menai Bridge made Tel-
ford cautious about extending the spans of suspension bridges,
although in July 1826 he did propose a road bridge for the Runcorm
site with a central opening of 800 ft. For Clifton Bridge, with its
deck 200 ft or more above the river, Telford considered ﬁﬁi}fE to be
a proper limit to the span. This constraint influenced Brur:ml s Sgr‘ll’
ginal design for this bridge, which was accepted early an _1 us-
although shortly afterwards he adopted a span of 702 ft withas
pended roadway length of 636 ft.

Undulation remained a problem even after 183
usually severe gale at the beginning of January 183
master observed deck undulations of ‘little less than friction,
amplitude. Provis considered that 10 years of continued fHEHEE

4. During an U™
836 the B-ﬂis;-
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combined with timber shrinkage, had considerably affected the
original rigidity of the platform. Roadway stiffening was
mended but nothing was done, and in 2 storm on 7 Januar
the deck sustained serious damage. The suspending rods were beng
backwards and forwards where they were held fast at the roadway
surface, and many broke. Damage to the central footway (which
could still be crossed) and to the main chains was slight, three bars
being damaged. Rhodes surveyed and reported on the damage to
Provis, who prepared plans for a complete reconstruction of the
deck. In the meantime immediate repairs were carried out, and 4
days after the storm one carriageway was reopened, By
the whole bridge was open for use.

Work on Provis's deck was in progress by May 1839 and com-

recom-

y, 1839,

21 January

FCIfsLLyY CONSTRUCTED

M Gr AGAOWAY BEAMECRS.

AFTCH THE ALTERATI ohb

BAN OF ROADWAY DLARTHE,

e——t——————

Fig. 12. Part of crose section of original deck and heavier pin-ointed deck of 1839~
93. (Maude, ref. 18, plate 17)




pleted in the summer uf“l?ﬂ[) 4t a cost of a
Heck was 130 tons heavier than the original: ey, fo
1t,ngmnliml 5ril't1'”i'1_g beams under the roady,
bearns, and pin joints in the suspenders to the rq
12).* But the problems had a serious psycho
became ‘usual for persons to speak of the Menaj Brid
lete failure’.” This was an over-reaction. The ot Ggf&ﬁs 4 Comy.
and the heavier deck that Provis had considered nECESsat € epajr,
ted to about 5% of the capital cost of the bridge, ang (:-t‘rth- B
considerable proportion was for additional work, not . 15 supy, ,
provis’s deck lasted 53 years, not being replaced e ISISEEEEH‘LET.
steel deck designed by Sir Benjamin Baker was COnstructed o
Although there were some doubts about the Strfng;h‘
structure, it was not untl 1938-41 that Baker's deck s th:f t!?.e
chains were replaced, to a design by Sir Alexander Gipl o Elaln
ners, This reconditioning does not seem to have heen dictau,darth
much by any structural weakness as by the need for 3 greater msn
riageway capacity to deal with the increasing volume of traffic -
The reaction may, however, be understandable. The damaée =
Menai Bridge in 1836 and 1839 followed a succession of suspension
bridge disasters, at Montrose (1830), Morpeth (1830), Broughton
(1831), Yore (1831), Stockton railway bridge (c. 1832) and the
Brighton Chain Pier (1833). These failures resulted in a disenchan.
ment with this type of bridge design, which seems to have lasted
until about the middle of the century. By that time Provis’s recon-
structed deck at Menai Bridge and J. M. Rendel's substantial longi-
tudinal trussing at Montrose Bridge were proving effective,
Another factor which tended to increase confidence in suspension
bridges was the success of the Hammersmith Bridge (1824-27),
Hungerford footbridge (1841-45) and most of the economical
James Dredge stay bridges, of which about 50 had been built be-
tween 1836 and 1850. The last of the large span wrought-iron paral-
lel bar chain bridges included the Pesth (Budapest, 1840-49),
Portland Street, Glasgow (1851-53) Victoria, Chelsea (1854-58)
and Clifton (1830-63).
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Influence of Menai Bridge
The Menai Bridge scheme exercised a funda

mental influence ‘-';"*
. 1 s 1
the construction and development of suspension bridges from

—
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for several decades. F: established this type of bridge in its true role
45 the mOSE ECONOMIC means of providing the largest bridge spans
for carmiage eraffic in the western world.

The project also provided a basis for improvements in suspen-
<on bridge design both by example and through the publications
of its designers and others, including Gilbert,® Navier,® and
Cresy.” The development of underground solid rock anchors repre-
<ented a significant step forward. The parallel bar chain had the
advantage over Brown’s arrangement that it was more easily adap-
red to large cross-sectional areas and to the catenary of uniform
strength. Leading designers, including W. T. Clark and 1. K.
Brunel, subsequently adopted and, assisted by developments in
iron technology and structural theory, improved on the basic
Menai Bridge chain for at least six major bridges during the follow-
ing three decades.

The Menai Bridge project influenced the adopting of greater and
consequently more efficient depths of curvature in suspension
bridge chains and also safer chain strengths. In 1814 Telford and
Brown adopted shallow curvature depths of main chain in the
range 0.02 to 0.05 of the span at mid-span, believing that this prac-
tice would minimize the effects of vibration and the uncertainties
and expense of providing adequare towers. For small spans Tel-
ford’s practice differed from Brown'’s, the degree of curvature of
the main cables for a proposed bridge at Latchford m 1814 (0.07
span) being about three times more efficient in strength terms than
the chains of Brown's work bridge (0.032 span). The published
chain curvature depth given by Telford for the mid-span of the
1818-19 Menai Bridge design was 1/15 (0.056 span). From 1821
onwards most designers, including Brown, adopted curvature
depths in the range 0.066~0.10 of the span, which represented a sig-
nificant improvement.

During the second decade of the 19th century there was a consi-
derable variation of practice in respect of superimposed loading
and design stresses, some of the latter probably being beyond the
yield point of wrought iron. Telford’s adoption in 1818 of a dead
load maximum stress of about 6 tons/sq. in. (9.8 tons/sq. in. with
300 tons live load) represented a significant step forward. In 18_1'1
these stresses were further reduced to about 4.3 and 6.3 tons/sg. in.
respectively. Although Brown seems to have been influenced to




T A

e s T

114 Mena; Brid,

€

some extent by this downwards trend in his Upjgp Bri iy,
he adopted maximum stresses nearly double those E; desigm.
chereafter, and at least two of his bridges, Montrose andﬂ Telforg
suffered from overstressing of their main chajng = ]stgtluckmn’
considered 8 tons/sq. in: as a maximum working strege b _Bl‘um:]
reduced this to 6.5 tons (almost the Menai Bridge ﬁgurej} Utin 183,
tually in 1838 to 5.0 tons/sq. in. MNavier took a great im.;-

Menai Bridge project and adopted an almost identicy]
chain curvature for his Paris suspension bridge nflgza_gﬁspﬂn ang

The instructive example of the effects of undulatig ‘
observation and through the autheritative accoy
influenced development work towards a solution of the prop
by Clark, Rendel, Barlow, Brunel and Provis himself Flfriilem
mersmith Bridge, completed in 1827, Clark made and win d—'t:-mh
a model and devised an arrangement of longitudinal ﬁmb.:.;'md
iron trussing. Brunel, who had observed Menaj Bridge in 5 é:g:nd
believed that chain vibration commenced before the pl;atfu:;;
moved and that the unequal length of the suspension rods then
caused the undulatory motion. In 1830 he did not consider longity-
dinal stressing to be necessary for Clifton Bridge, but by 1840 hig
drawings show timber longitudinal girders.

The example of Menai Bridge also influenced and encouraged
the development of theoretical investigations into suspension
bridge design. Ware's theoretical investigations™ and particularly
his catenary tables, facilitated suspension bridge calculation from
1822, and Gregory promoted their use in his books of 1825 and
1833.* The most significant development was Gilbert's work, and
his approximations for determining the forces in a chain curve at
any point have continued in use into the present century. Hodgkin-
son's theoretical investigations and calculations of 1828 relating to
Menai Bridge® were also of significance in the propagation of a
more scientific approach to design. Developments up to 1832 were
summarised and evaluated by Drewry in the first British text
book devoted to suspension bridges." From c. 1825 onwards there
was a gradual but increasing awareness of the value of a more
theoretical approach to suspension bridge design which begsﬂ‘. to
be reflected in the training and practice of the new generation of
civil engineers. I

In 1838, during the period when suspension bridges were out of

nd ey,
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favour, the editor of The Civil Engineer and Architect’s Journal com-
mented that:

. when the material of the suspension portion of the Menai Bridge

<hall have perished and consigned to ruin . . . by atmospheric agents
. the granite bridges of London and Waterloo will then exist in the
same freshness and vigour of duration as . . . the ancient granite monu-

ments of Egype.'®

The passage of time has shown otherwise. The foundations of
these fine Rennie bridges eventually proved inadequate for the
increasing demands made on them, and it is Menai Bridge, albeit
skillfully and sympathetically reconditioned, which has survived.
Unlike these London bridges 1t was built at the frontiers of technol-
ogy and theoretical knowledge, and is today a fitting national mon-

ument to the enterprise, courage and dedication of all concerned
with 1ts construction and subsequent preservation,
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