- REPORT or sz COURT OF INQUIRY,

REPORT OF MR. ROTHERY,

TUPON THE

Circumstances attending the Fall of a Portion of the Tay Bridge
on the 28th December 187%.

= — -

Preaented 0 Hoth Mouses of VBachament bp Command of Wev Majesty.

LOND qH :
PRINTED BY GEORGE EDWARD EYRE; AND WILLIAM SPOTTISWOODKE,
(nmmns TO THE QUEEN'S MQST FXOELLENT MAJESTY,
0B HER MAJESTY'S STATIONERY OFPICE,

1880,

[C—2618] Price 9.



WaEsrss by The Regulation of Railways Act, 1871, it is provided that the Board of
Trade. ma.yadxreot an inguiry to be made-by an-Inspector-into the cause-of-any-accident
of ‘which: nomoe ia for the time being required by or in pursuance:of - the aaid Aot to"
be sent to'the-Board of Trade; and where it appears to-the Board -of Trade, either
before or:after the commencement of any such inquiry, that a more formal investiga-
tion of the:accident, and of the causes thereof, and of the ciroumstances attending the
8ariié, is,expedient, the Board of Trade may, by order, direct such investigation to ba
held:

- Axp- wmns it is by the same Act further provided that the Board of Trade may
by the- sarne-‘or any subsequent order direct the County Court Judge, Stipendiary
.Magzstrate, Mempohfan Police Magistrate, or other person or persons named in the
same or;any subsequent order to hold the same:

Now: 'rmsronx the Board of Trade, in pursuance of the powers conferred upon
them’by- the eaid recited Act, do hereby direct a formal investigation to be held into
the causes -of, and circumstances attending, an acoident which took place on the
Railway. Bridge crossing the Firth of Tay on the North British Railway on the twenty-
sight instant,-and do further, in pursuance of the powers conferred by the said recited
‘Act, hereby appoint and direot Henry Cadogan Rothery, Esquire, Wreck Commis-
-sioner;. - Colonel William Yolland, Chief Inspector of Railways: and William
‘Henry Batlow, Esquire, President of the Institute of Civil Engineers, to hold the said
.formal investigation.

Given:,_pnder-my hand this thirty-first day of December, 1879.

r (Signed)  T. H. FARRER,
D& (L.8.) Secretary to the Board of Trade,

Qe . _ L a2
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“investigation under the provisions of the * Regulation of Railways Act, 1871,” *into
« the oatizes “of and the circumstances attending an acoident which took place .on

‘Trayner appearing for the Solicitor of the Bo

-bridge before the accident.
‘Fhursday, the 26th of Fébrum'y, and Wednesday, the 3rd of March last, 8 number

‘othe

TAY:BRIDGE. -

70"THE RIGHT HONOURABLE THE PRESIDENT OF. THE BOARD OF

- London, 30tk June 1880.
Havivag by your order of the 8lst December last been directed to hold 2 formal

««-the railway bridge-orossing the Firth :of Tay, on the North British Railway on the
“ twenty-eighth” of that month, we at once proceeded to Dundés YOF the purpose
of making a personal inspection of the bridge and of examining any witnesses
who ’woﬁlgff:give evidence as to the circumstances attending the accident whilst the
facts: ‘were -still fresh in their memories. The inquiry was opened on Saturday, the
3rd, and was continued on Monday and Tuesday, the 5th and 6th of January, Mr.
oaTi) m’g of Trade and Mr. Balfour for the
North British Rallway Company. Having bg that time examined all the witnesses
whom the parties- were then prepared to produce before us, as well as having made
an inspection of the bridge, we adjourned the further hearing of the case in order
to. allow-tilme to proouve such information ag to the details of its construction, and as

_toita presert state and condition, as seemed to be necessary for the purpose of our

inquiry. ‘With this view we appointed- Mr. Henry Law, a member of the Institute
-of Civil Engineers, with directions to make a minute and careful examination of the

“bridge, and - to report to us fully thereon, as well as on the probable cause of the

accident,. and to select specimens of the cast and wrought iron, also portions of
‘the"- oross- bracing and ‘its fastenings, and of the connecting bolts of the columns,
&c., to be.subjected to test at Mr. %irlmldy's establishment at Southwark. We also
called upon the railway oom%ny to furnish us with the particulars of the weight,
strength,’ and’ dimensions of the various parts of the structure. Photographs of the
piers,. of portions of the fallen girders and permanent way, and of the remains of the

-'_en%t][?._aﬁd, carriages were ordered to be prepared and laid before us.

Whilst waiting for Mr. Law's report, and for the answers of the Railway Company

.to the questions addressed to them, we were told that there were a number of witnesses
at,or near Dundee who could give important information as to the condition of the
%Ve accordingly again went to Dundee, and between

of witnesses:were. examined, mainly with reference to alleged defects of workmanshiy
and inférior, guality bf materials used in the bridge, and also as to the speed at whic
‘the trainsiorossed it.
..At" length Mr. Law's report, dated the 9th of April, as well as. the ‘answers
‘from -the:Railway Company, having been received, and the case appearing.to-be
yorwise . ready for hearing, the inquiry -was resumed at Westminster. on."Monday”
thé. 19thiof:-April, and between that day and Saturday the 8th May, when:.it.was.
‘brought'$o:a:0lose, a large number of witnesses were examined.  On this ‘occesion: Sir
Thomas Boiol; the engipeer, end Messrs. Hopkins, Gilkes, & Co., the contractors,
oated: by -soparate counsel ; Mr. Bidder representing the former, and Messrs.

o
'ﬁébéﬁiﬁﬁ;id% {acrory ' the latter, Mr. Trayner and Mr. Balfour appearing, as before,
for:the Soligitor of the Board "of Trade and the Railway Company respectively.
‘Beports wore alag brought in from Mr. Kirkaldy, showing. the resulta of the tests.
- 'From the:information which hag been laid before us, it Would seem thata company

’ *

smed to baild s"bﬁﬂge,"and an Act obtained -for the purposs, a
g v , :

-songémeiion, f e llnggs oF. My, Cbarlekde'Bergu, the’ sadinig. partuerin

@en@nﬁ@tOITB m, and his inability to attend to business, it became TLeCEssary

totmnﬁr:the-eonm to other bands. This was accordingly done, and on the..
R k3



Description

of thie Bridge.
. which forms the subject of this Inquiry; but in consequence of difficulties with the

g

9Bih "of June 1874, another contract was entered into with Measre, Hopkina, Gilkes,
& Co., of Middlesborough, to complete the-work. * The new coitrach gngma‘&méi@a
over from Messrs. de gergue the whole of the existing staff mw.mwﬂf g
a foundry which had been erected at Wormit, near the Bouthern end Gf*thS
bridge.swhere a.large portion of the castings required for the works were made. * '

“Thejbridge wes designed by-SirT, Bouch, and the pupsrvision of ite construction

was entriistéd-to-him up to the.period-of ite being opened for traffic. He was subse:
‘charged-by the North British Railway Compsny with its maintenance, and

quéntly :
remained so charged up to the dete when-thestructure fell.

1. The bridge, as originally designed, snd as referred to in the 8 ec_iﬁcaﬁpﬁs, had
-piers -of brickwork and spans of 200 feet of clear water space-in that portion' of it

foundations, Sir T. Bouch sltered the spens to 245 feet, excepting two, which were

- ‘made 227 feet; and he also altered the piers from brickwork to ironwork above high-

water Jevel, in- order to lessen the weight on the foundations, and to obtain. the best

.. distribiition of weight and material which the circumstances permitted. It should::be

‘added:that the proposal to alter the piers from brick to iron was made before :the
contract: was entered into with Messrs. Hopkins, Gilkes, & Co., but the final designs

- were. not settled until afterwards; and there is & letter from Mr, Gilkes to Sir Thomas :

Bouoh; dated the 9th of June 1875, in which he speaks of the proposed * enlarge-
*ment of the spans and certain alterations of the piers,” whioh he states had, after
“long:and. careful consideration,” been at length decided on. From this time the work
_progressed with great rapidity, alarge:number.of men being constantly employed both on
the bridge-iteelf ‘and at the Wyormit foundry ; and although some delay occurred from'the
fall:dhiring & heavy gale of wind, of two of the large iron girders whilst they were. .

" being raised-into their positions, together with the plers on which it waa:proposed to

- place:fhem; the bridge was completed, if not within, at all events very soon after, the
: gﬁ%ﬁja@eﬂ:ﬁme. '

hébridge was 3,465 yards in length. The superstructure was: of wrought-iron -

B lattice: girders, except one span on the northern portion, which was crossed by bow-
- string girders, '

Eech- lattice girder was complete in itself, but they were connected together go‘as
to form: continuous girders extending over groups of four, five, and six spans.

The spans of the bridge varied from 245 feet-to 29 feet. The piers were 85 in
number, of which the first 14 were of brick, the remainder being formed above
high-water level of tiers of cast-iron columns bolted together vertiod%y by bolts and-
nuts; and connected together latterally by means of cross bracing and struts ‘of
“wrought iron. The number of columns ip position on each pier varied from tbree to
8ix. - Those under the largest spans were formed of six columns, bolted to base
pieces; which were bedded in stone. 'The lower portions of these piers consisted of
-oonorete, brickwork, and masonry, their construction being accomplished by means of

- iron:caisgons which were left in forming part of the permanent work:

- Gomihighcing from. an abutment on the south shore, the bridge curved for the first

. 'three/8pana; td the left until iv came:at right angles to the course of the river, which

;here, rins neéarly due east and west ; it'was then straight to pier 53, whence it curved
sharply off to the right with a radius of 20 to 22 chains, until it finally reached het.
‘north-shore. For the first three spans-after leaving. the south shore, the roadway -
fell slightly ; from piers 3 to 6-it: was -level; it then rose on'a gradient of 1 in 353
_untilyitireacked pier ‘No. 29.; from29-to.30 the gradient-was 1 t0490; it was then
“level=for pix spans; dnd nt pier 36.if begani fo fall, the gradierit'from 36 to 37 being
A:in:130.after whick the fall' was'1:un 74 until it reached- thé north-shore. The
‘summitilevel of the'bridge, 88 feet-above high-water mark, extended from pier30° o
:piér:36zwhence it fell gently to the south, but rapidly towsrds the north, the Tend
on" thesouth shore being much higher than on the north shore. o o

- At piers 28 and 41 the girders were raised so that the lower booms were on & level
with the upper booms of the girder south of 28 and north of pier 41 ; the clrjéd
was to give additional headway to passing vessels, it being here that the bt}
the navigable part of the [river. ’Fh '

e roadway from the south ‘thore”to’ pibr'?8, and

agaln from 41 to tho north shore, being oarviod on_the upper bount, mnd thereford -
Dove and.on the top of the girders, whilst between' piers 28 and* 41/t #wea carriedion- .

‘the lower: booms, 1hside the girders. It was this ﬁg;rﬁo,,,'wf%”ﬁgh: W .
particilarly directed. -

which ‘fell; and it is therefore to this:part of the bridge thatsttantion mist be') y
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ik girders axtande 3 merﬁﬂ'emmel" 11nf245 faetemh and two of 227
. , THAKTOg apiiotd,of ?,149 foot.. This port{on was divided into three sactions or
"Wthe ﬁrﬂ: counting frotn the. south, contained five spaus-of 245 feot each; the
- @aoond, of four gpans, two of 245 and two of 227 feet each ; and the third, of four spans,
al,l, of. 945 foetonch. There were oxg&nﬂon Joints on piers 28, 33, 37, and 41; fixed
. §-08-piers: 31 35, and 39 ; and roller: bearings on the seven remaining piers 29,

L girdérs in this part of the bridge were 27 feet high, and 14 feet 10 inches
ap&rt from centre to centre. The two uppér booms were braced together at intervals
"by wrought-iron struts and disgonal tiea; but the lower booms, which oarried the
‘pexmsnent - way, were connected by tranaverse wrought-iron girders, placed about
?feef. 5 inches apart, rivetted to the .upper side of the bottom booms On the
‘whole, the. girders ap to have been oarefully proportioned to the strains which
they had to- ‘bear ; mdpaﬂthem ie no reason to suppose that the casuslty was in any
way due to defects ip the girders, it is not necessary to describe them more fully.
Asquming the permanent way on the fallen part of the bridge to be similar to tha.t. on
theparh,left abandmg it was strongly constructed and properly fish-jointed, and had
.g\aﬁmn guard:Tails-also fish-jointed, and was-kept in very good order.
Tha pibrs. which supported the hxﬁx girders were of peculiar construction, the
, naf:m'e of which s fully. deseribed in Law’s report; and as they were evidently

--the first portion of - the structure that yielded from some cause, it becomes necessary

1o refer o thémmore in detail. The foundations were formed by constructing wrought-

iron caissons:31°feet in diameter, which, having been lined with 18 inohes.of brick-

. work, were-floated out and sunk in their proper places. This was an exbrem:l((

dlﬂioult aperation, but appears in every instance to have been successfully perform

- After sinking the caiesons as low as was deemed necessary, the centre was filled up

with coporete, and upon this was built an hexagonal-shaped pier, measuring 27 feet

6 inches long, and 15 feet 6 inches broad. The lower part of this pier was made of

conorete faced with brick, and was surmounted by four courses of stone backed by

-oonorete. On this pier was placed, at the a.ngles of the hexagon, six cast-iron base
leces, 2 feof in height, and seoured to the pier by holding-down bolts, 1} mohes m"
-(iameter, passing:through two courses of stons, each 15 inches in thickness:

ﬂUpon,g 686" Six. base ‘pieces Were fized Hx cast-iron columns; piers. 28, and. 4-1 a

“gonsisted of 6ix- tiers of columns and those from 29 to-40) inclugive coniisted 6f soven

tiers.

) Thscol\un.ns were cast with flanges which were fastened to each; other and to the

base ‘pieces by-eight .connecting bolts 1} inches-in diameter. They had also an -inner

-protfchng rim orspigot about 4 of an inch deep, fitting into a corresponding recess
o.adjoining: column.

"The columns- after they were erected were filled with Portland cement concrete
poumd in from the top.

The cross bracing of the piers consisted of wrought-iron fiat tie bars 43" X §” in section,
£ast9nod ‘ot their: - upper extremity by means of: wrought—u'on ping passing through ligs
] casfn ’fd ormmg part of the columns; at their lower extremitiés tliére.were two
: wroughh-lron sling:-platea: ‘fastened by mmﬂa.rrwmught-lron pins to-other lugs, cast in
‘ike: manner on-the lower part. of the columns:adjacent: to. the flanges. The sling |

 of-an inch thick, whioh were of equal width with and placed on each side of o t;e

, were connscted o them by gibs and cotters, ;Ir‘means of which the oross bracing
literied’ up’ ‘and - brought to its bearings. The horizontal struts consisted of
Ennnal irons, holted, by two bolts at each end to other lugs similarly cast

: mlsh the oolumns The ghaxnel irons did not abut against the sides of the cast-iron
}-30ths; gu oglumnﬂ fommg each of these hexagonal piers the two extreme east and
{j';_v_f' ‘coluring: were of 18 inches external diameter, 1} inches thick, placed 21 feet
[%Q?ainbhas apart from centre fo.ocsnire, sud these had an inclination of 12 inches
ttbmrﬂs the: oentn'a m 8 plane st right angles to the line of the bridge. The four
8, Wis qralﬁmohesdmaterandplmdatndmtanoet‘rom east to west

.'«tﬁﬁﬁ&aiﬁmm ﬁm nextumq;'mlumna was 6 foat at. the

tho_tops of the polumns was onl;v.'ifeph,nnd whilst the two

ﬁptapa# pt” {heir. bases, the tops were only 10 feet apart.
mggzg?oups,eacbmhng of gbe outer and two

: esbewgpmllalhothahneofthebndge _
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At the top of the piers, each group of three columns was surmounted by a strong
wrought-iron box girder |_-shaped in plan; and above each of these | -shaped girders
was 2 wrought-iron cellular table, running north and south in the dl_rechon of the
bridge, ‘and placed immediately under the longitudinal main girders which formed the
sides of the bridge. Upon the upper side of the cellular table was bolted a strong
cast-iron plate, a similar plate being bolted to the under side of the longitudinal main.
oirder of the bridge, aud Letween these two plates were placed cast-iron rollers, each
2 feet long ond 5 inches in diameter, with flanges of three-quarters of an inch deep,
cxcept at the piers, where there were fixed bearings, at which piers the longitudinal
main girder was attached directly to the cellular table by bolts and nuts.

The two muin girders, hetween which the permanent way was carried, were supported
upon the L -shaped box girders in such a position that about one half of the weight of
each main girder was borne by the outer column (18 inches in diameter) of each group
of three colunmmns, and the other half rested on the two inner columns (15 inghes in
diameter). The two | -shaped box girders were not connected together, and did not
form one entire girder across the top of the piers; but the columns were connected
together at the top of the piers by the struts of the cross bracing.

'The strength given to the columns as designed was sufficient for the duty they
had' to-perform in bearing vertical weights evenly distributed.

II. In regard tv imperfection of workmanship and fitting, it appeers, that as the
substitution of iron for brick piers in this part of the work was made after the contract
was let, there nre 0 clauses in the specification describing the clags of workmanship

to be employed in them.
The stipulation in the general specification, which requires all the holes in the flanges

of _the columns to be drilled, was not carried out in this part of the work as regards

the holes.in the flanges of the 18-inch columns. The holes in the lugs on the columns

“vere all cost and left couical, instead of being drilled, thus causing the pins to have

-used 1n ‘the permanent structure, and, although a large number of broken lugs are.

. Oﬂ'lcfnl in-
t - spectjon of
£ .- -the Hridge:

unequal bearings. Some of the sling plates which were made or altered at the works
were roughly formed. ,

Linperfection of workmanship was also fonnd in the bolt holes of the struts, and as.
the strnts did uot abut against the columns, as in our opinion they ought to have
done. ‘their actic»: in these cases depended on the friction or resistance to movement
made. by Lolting the channel irons tightly together, and bearing hard against the
ngs.

The colwmus after the accident were found in some instances to be of unequal
thickuess. and to have other defects of casting, and it was probably due to the
sluggish character of the metal and the manner 1n which the columns were cast, that
the castings of the Jugs did not always turn out sound, as out of 14 tie bars attached
to lugs. tested in London, four showed unsoundness to a greater or less extent at the

lugs. -
.- Ttis stated in evidence that, in some cases where lugs had turned out imperfect in

casting. other-lugs or portious of lugs were added by e process termed * burning on.”
This is admitted to have been done; but it is denied that any columns so treated were

visible in the ruiuns of the fallen bridge, none were found during Mr, Law's examina-
tion, nor.-have been otherwise brought to our notice, which appear to have been
subjected to this most objectionable and dangerous procesa.

I Thé“bridge was inspected by Gencral Hutchinson on the 25th, 26th, and 27th
February 1878, at which-time it was all finished and painted. During this inspection

"‘he subjected the bridge to various tests, and among others he caused six locomotives

- coupled-together, each weighing 73 tons, to pass over the bridge at 2 speed of 40

miles. .per how:. The behaviour of the bridge under these tests appears to have been

satisfactory, there having been only a moderate deflection in the girders, n small degree:

of tremor, and no indication of loogeness in the cross bracing.

On the 5th of March he reported that he saw “no reason why the Board of Trade -

should object” to the bridge being used for passenger traffic; but that it would

** not be desirable that trains should run over the bridge at a high rate of speed,”

and suggested 25 miles an hour as a limit, which should not be exceeded,” adding
that very careful attention will be required to ascertain from time to time that

no scouring action is taking place in the foundations,” and that he should wish, .

if possible, to have an opportunity of “ observing the effects of & high wind when s
train of carriages is running over the bridge.,” Some delay occurred in opening the
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. “bridge-owing -
to run regularly across it until the evening of the 28th of December last, when
the disaster which we are now about to desoribe occurred.

IV. The train previous to that which fell with the bridge left Tayport about
--5:50 ‘p.m., and passed over the bridge about 6.5 pm. The engine-driver did not
. notice -anything unusual in the travelling of this train, but the guard, Shand, and two
“‘men who were with him, saw sparks of fire coming from the wheels of the carriages.
- Shand put on his break and showed his red light, but it was not seen by the driver;
he elso examined his train at the Dundee Station, but finding nothing wrong made no

report. .
'thel train ‘from Edinburgh which fell with the bridge srrived in due course at
St. Fort Station, .and there the tickets of the passengers for Dundee were as usual
collected, We were told by the ticket collectors that there were at that time in the
train ‘57 passengers for Dundee, five or six for Broughty Ferry, five for Newport,
_two season: ticket holders, the engine driver, stoker, and guard of the train, and two
+other guards, making 74 or 75 persons altogether. The tickots having been collected,
*the train proceeded on its course, leaving St. Fort Station at 7.8 p.m., and on
rapproaching the cebin which stands at the southern end of the bridge, the speed was
-slackened to about threc or four miles an hour to enable the engine driver to take the
zbaton_or train staff, without which he is not allowed to cross the bridge. On
“réceiving - the baton, steam was again turned on, and the train passed on to the bridge,
-upon which the signalman, Thomas Barclay, signalled to the north cabin signalman,
the ‘time according to the entry in his book, being exactly 13 minutes after 7 o’clock.
‘It was then blowing a strong gale from about W.B.W, and therefore almost directly
across the bridge; there was a full 1naon, but it was quite dark, owing to the face of
the moon beidg obscured by clouds. It seems that a surface man i the employment
of the North British Railway Company, named John Watt, had gone to keep Barclay
eormpany, and- was in the cabin when the train passed; and whilst Barclay was
attending ~to ‘his duties, entering the time in his book and making up the stove fire,
‘Watt was watching the train through the window in the cabin door, which looks north
l-‘a'long't_he line. According to Watt, when the train bad got about 200 vards from
{the cabin, he observed sparks flying from the wheels; and after they had continued
\-about three minutes, there was a sudden bright flash of light, and in an instant
L there wae total darkness, the tail lamps of the train, the sparks, and flash of light, al),
| he esid disappearing at the same instant.
- ‘The portion of the bridge which fell consisted of three sets of continuous girders,
covering respectively five spans, four spans, and four spans, inaking thirteen spans
altogether.
. These continuous girders rested on rollers on all their piers except one near the
centre-of each set, and to these central piers they were fixed. In the accident which
took :place, the girders turned over and fell on their sides, each girder becoming slightly
rgt’;f;_'_v_'ed, the-centre portion heiug furthest from the piers, and the ends curving towards
Fth‘eji "_iersé'some irregularity showing itself in the curve at the first fullen pier from the
'south end.
i ThHe train was found partly in the fourth and partly in the fifth spans from the
ssouth ‘end. so that, although it had travelled somne distance along the first set of
_leontinuous girders, it never reached its northern extremity. The engine and tender
ere found lying on their sides on the eastern girders. The train consisted (counting
';!ti"rom the engine) of one third class, one first class, two third class, one second class,
.and'-the guard’s van. The second class carriage and the guard’s van had their
‘bodies and -all their upper portions entirely destroyed; their lower frames were
’%r atly damaged, and the axles of these vehicles as well as those of all the other

{CArriages were bent.

. 7The-throttle valve of the engino was full open, and the reversing lever standing
sin-thé sixth noteh from full forward gear, or in the third notch from the centre.
;The“train.was .partly fitted with the Westinghouse break, but there was no appearance
-of  its baving been put on, and the conclusion to be drewn from these facts is that

Rejther the driver or fireman had any warning of the nccident which took place.

. V. 1t appears in the evidence that about the time Sir T. Bouch considered the
altered designs of: the Tay Bridge, be had been preparing plans for & bridge over the
Hirth of Forth for another company. This bridge being of unprecedented magnitude
l l'ega-rds its spans, and several railway compames being interested in its construction,
o Q so6e. -

B

‘69" the approaches on either side not being completed, but on the first
.. day of June %878 it was open for passenger traffic, and from that time trains continued -

Circum-
stances

apending

accident,

Wind
pressure.

;
2ay
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other engiieers, viz., Siv J. Hawkshaw, M. Biddor, Mr. T. Harrison, and Mr. Barlow
were consulted; aud it was remitted to Mr. Barlow and Dr. Pole to carry out the
detailed inveatigation of the design. It further appears that these gentlemen, not
being satisfied with their own judgment upon the question of wind pressure, consulted
the Astronomer Royal, who put T\is opinion into writing in a letter from which the
. -fbllowi‘ng-fié ‘an extract :—** We know that upon very hmited sur_faces, and for very
- limited. times, the pressure of the wind does amount sometimes to 40lbs._per
* sguare foot, or, in Scotland, probably to more. So far as I am aware, our positive
* knowledge. as derived from instrumental record, goes no further; but in studying
** the registers it is impossible not to see that these high pressures are momentary,
* and it seems most probable that they arise from some irregular whirlings of the air
* which extend to no great distance, I should say certainly to no distance comparable
“ to the dimensions of the proposed bridge ; and I think that the fairest estimate of
“ the pressure on the entire bridge would be formed by taking the.mean of the
- recorded pressures at one point of space for a moderate extent of time as repre-
““ genting the mean pressures on a moderate extent of space at one instant of time,
* Adopting this consideration. I think we may say that the greatest wind pressure to
“ which a plain surface like that of the bridge will be subjected in its whole extont
** is 101bs;: -per square foot.” .
. Furnished with this opinion, Mesars. Barlow and Pole report:—“ We entirely
** coneur in this opinion. which we consider highly authoritative and valuable, and we
* may therefore safely adopt 101bs. per square foot as the side pressure due to the:
“ wind for which Mr. Bonch has to provide. We may now describe the means
* which Mr. Boueh Las adopted to provide against this side pressure:—The side
** aurface of each span exposed w the wind (but making uallowance for some parts
* which may he assumed to besr directly on the piers) is given by Mr. Stewart at
* about 14,000 superticial feet. 'This ix for one surface only. i.r.. the one first exposed
* to the wind; but behind this there are three other similar smifaces, one about.
» 15 feet away, the second about 120 feet away. and the third 135 feet away. The
» wind nust rnsh past these after passing the first one; and although each will be
* no doubt, to n certain extent, in shelter from those in front of it, we cannot
* suppose that they will be free from the wind's action. Possibly it would be a fair
- estimate to donuble the swrface of the front face, but as an ontside cstimate we have
* taken three times, or 42,000. 'To this has to be added 8,000 feet for two trains
*“which may be on the brudge, giving 50.000 square feet of surface cxpused to the
“ horizontal action of the wind. Allowing, therefore, 10 lbs. per square foot, we
** get a force-of about 225 tons.” Their coneclusions, so arrived at, were adopted in
the report signed by Sir J. Hawkshaw, Mr. Bidder, Mr. T. Harrison, and Mr. Barlow.
~ Sir T. Bouch states that this report influenced his mind, and that in consequence he
did nov cousider it necessary to make any special provision for wind pressure in the
Tay Budge.
But we thiuk he must have misunderstood the nature of that report, for as it
~pointed out that the pressures in gusts of wind amounted to 40 Ibs, or more, it
was obviously uecessary to provide for the pressures so arising in cach of the spans
- of the Tay Bridge. and althoungh the limited aren of these gusts is deseribed as not
~being at all-comparable to that of the Forth Bridge of 1,600 feet span, yet they might
(iu_efféct be equal to the whole nrea in the 245 feet spans of the Tay Bridge, and
‘their opération might take place upon any ofsthe- spans,
- -1t must not be understood, however, that we express an opinion as' to the sufficiency
of a provision forconly-101bs. of  wind pressure.in.a-large-span of 1,600 feet. It may
represent. inafnount of foree -which, as-applied to the whole surface, would rarely be
exceededy but” after hearing the evidence given at this inquiry it occurs to us as
possible that two or more gusts might act simultaneously on so large a spau, or
_théré might be a wind gust of unusual width.

- VI, "With~a view to obtain information on the subject of wind pressure from' the -
=most. niathenti¢- sources, we applied to the Astronomer Royal, to Professor Stokes,
and “to "Mr. B: H. Scott, the secretary to the Meteorological Council, and fron the
vidence:given~by these gentlemen we learn the following particulars,

It appears -that the term wind pressure, a8 now usually employed, means the force
‘produced by the wind when acting against and at right angles to a flat plate or disc;
and it is' expressed in pounds per square foot. It can be arrived at directly by the
mstrument known as Osler's anemometer, which consists of a flat plate or board
acting against a spring with a recording apparatus, that exhibits the degree of
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compreasion .produced on the spring by the action of the wind, or it can be deduced
approxinately from the * standard pressure,” by which term is meant the height at
which a column of fluid is maintained or supported hy wind pressure, or it can be
deduced approximately from the velocity of the wind, due allowance being made
for the height of the barometer and thermometer, and the hygrometrical state of the
air at the time, and ite amount varies nearly as the surface of the plate exposed to wind
action. _

The relation between the pressure as obtained from a plate and the standard
pressure - can only be ascertained by experiments, and different cxporimenters have
assigned different values to it. Dr. Hutton makes the ratio 1'4, others have mado it
ag high as 2, but it is now considered to be 1'8.

. The -instrument used for measuring the velocity of the wind is the rovolving eup

justrumentknown as Robinson’s anemometer. It is considered that a constant ratio
exists’ between the velocity of the wind and that of the cups actuated by the wind.
That ratio was supposed to be 3, but recent carcfully conducted experiments by
Dr. Robinson place 1t at 2'28. More recent cxperiments indicate 2°4 as the ratio,
As a-general average result, it is considered that wind with a velocity of 20 iniles per
hoiir produces a standard pressure of 1 lb., or 1'8 lbs. per foot pressure on a flat
board, and that the pressure increases as the square of the veloeity.

The diagram, produeed by the cup ancmometer, as the apparatus is now arranged,
does not enable the velocity in short’periods of time to bo ascertained with certainty ;
hence it is not possible to determine by its means the velocity in gusts of wind,

Osler’s anemometer appears to afford the most dircet and reliable means of ascor-
taining wind pressure on a flat surface.

The highest record arrived at by this instrument was & pressure of 90 lbs., which
ococurred on the 9th of Mareh 1871 at Bidstone. It is stated that the instrument was
graduated only up to 40 lbs., but the marker was driven on beyond to & distance
estimated. to represent about 90 1bs. KExcepting this one resnlt, the greatest pressure
actually recorded is 50 lbs., which occurred in Calcutta; but there are numerous
examples of pressures of 40 lbs., and between 4{) and 50 lbs,

Professor Stokes states that tho position of the anemometer may materially affect
the velocity and pressures recorded by it. It may be so placed as to have partial
shelter, in which case the recorded result is too small, or it may be placed in the
draft pessing round some obstruction to windward of it, in which case the record is
too high,

Pre;gsures deduced from wind veloeities require to be rececived with great caution,
firatly, because there is o doubt as to the accuracy of the estimated wind velocity ;
secondly,. because there is a further doubt as to the relation bhetween velocity and
pressure ; -and thirdly, because the pressure is supposed to vary as the square of the
veloeity, so that any error in the estimated velocity becomes greatly exaggerated
when-turned into pressure.

Some instances of railway carriages being upset by wind are clearly established in
France, :India, and America, and one occurred in this country on the Chester and
Holyhead line in 1868. _

The pressure required to overturn railway carriages inay be taken to vary between
28 and 40 1bs. per square foot.

A. distinction is made betwecn the pressures of gusts of wind, and those extra-

- ordinary ‘destructive effects which arse from cyelonic action or tornadves, one of which
i8 cited. as-having occurrod at Walmer causing great destruction as it passed along

over a.width varying from 450 to 700 feet, but 1t is not kuown whether the pressure
was equal throughous the width at the same instant of time.

.Another cyclone of somewhat similar character occurred in the Isle of Wight in
November, 1877.

The movement of the recording paper as generally used with Osler's anemometor. is
so slow. that wind gusts have the appearance of being absolutely momentary in
their sction, but by causing the paper to travel quicker und by other observations,

_ the duration.of wind gusts s found somectimes to exceed half a minute, though they:
are generally of less duration.
- .Ag.against the evidence which tends to show high wind pressurcs there are many
facts. recorded in Mr, Boker's evidence of structures of various kinds continuing te
-stand *thiough unable to bear high pressures, Smallness of height or partial shelter
-may.account for such cases, but ay regards engincering structures placed high above the
-groindsorsotheriise in exposed. positions. there appears abrolnute necessity to provide
- for.large wind pressures. ' I :
T ' L 2
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VII In the great majority of railway structires, riimely, those made in brickwork

not required for wind pressure, because the weight and lateral strength imparted to

‘such ‘structures, in providing for the strains due to dead weight and load, 18 more
“than sufficient to meet any lateral wind pressures which can arige. Also, in girders

" up to considerable spans, the lateral stiffness given to them to resist the tendency to
“oscillation produced by moving loads at high speeds is geuerally sufficient to meet
‘the requirements of wind pressures; and the evidence of Sir Thomas Bouch implies

Caleulatigos
"' of strength, -

that, having provided amply for dead weight and moving loads in the Tay Bridge,
he did not consider it necessary to make special provision against wind pressure.

VIIL. The report of Dr. Pole and Mr. Stewart, who were engaged in this inquiry
for Sir T. Bouch, after referring to the knowledge possessed at the time of designing
thiese piers: states as follows : ** For these reasons, in designing the bridge, » mazimum-
¢ wind -pressure:was assumed acting over the surface of a span and pier equal to
+ about” 20 Ibs. per -square foot (being .more than double what Smeaton allowed for

+«.g very high®wind), and the dimensions were calculated for this pressure, with the

« usual margin of safety.” It appears Dr. Pole and Mr. Stewart were wrongly

‘informed . on thig- subject, as Sir T. Bouch stated that he did not nake any special

_provision for-wind pressure. . . |
- The - calculations of the action of wind pressure on open-work girders necessarily

involve some assumptions. In those made by Dr. Pole and Mr. Stewart, and also by

-Mr: Law (who was emploved by the Court), it is assumed that the pressures per unit
“of ‘surface acting upon the leeward girder, so far as it is exposed to the wind, were

one-half those acting on the windward girder. And on this assumption Dr. Pole and
Mr. Stewart calculate that, with a wind pressure of 20 lbs., the stress on the minimum -
gsection of the wind ties running east and west at the lowest division of the pier

-would be,- _ .
with mo train.on the bridge - ~ - - 521 tons perinch
with light passenger train over one pier - - - 679 ,, "

‘Tt is to be observed that in making this calculation Messrs. Pole and Stewart have
not.considered the ties as performing the whole duty of resisting the wind, but they
have deducted from 20 to 25 per cent. of the total force, which they consider to he
the resistance the columus would offer to an amount of bending corresponding to the
latern] motion agsumned. The resistance to bending is, without doubt, an element
contributing to the strength, so far as it ean be velied upon; but having regard to
the fact that these piers were composed of seven tiers of columns connectoed together
by bolts and nuts, and that the base plates to which they were fasteued at the top of
the -masonry weve only held down at their bases by holts passing through two courses

_of stone, we"think that a reduction of 20 or 25 per ceat. on account of the resistance
:of such_ columns to bending is not admissible, and that, as a matter of ordinary

Erecaubion, the calculation ought not to be so treated. But as this great reduction

‘has been made in the strength of the ties, no furtber deduction in the usual argin

of safety (or the factor of 4) should on any aceount he permitted.
The minimum: sectional area of the ties is stated in that report to be 1 69 inches,
and the total stress on the ties would therefore be,
with no train ~ - - - 0921l x 169 = 880 tons
with train over pier - - 6-:79 X 1°69 = 11:47 ,,

If these stresses:be multiplied by 4, the usual factor of safety, the ultimate strength

_required in_the ties would, under the assumed conditions, be,

25 it rainiover
= 'ﬂ_ s -g,‘.-fr- L s

o withenogtring. . k.- - - - 880 x4 =352tons

- Thewultimatemrength - given-i6 thess: tigs7skiould not, therefore;-have “beéu-less than

588 tonsRunder. the conditions assuméd. - ‘But the mesan. ultimate-strength of six

Bt

: of the tiesitested by Mr. Kirkaldy without the Jugs was only 256 tons, and the mean

“strength of 14 tie bars tested with the lugs was 24'1 tons, of which six broke with
less than-22-tons, four of the latter giving way at uumsound lugs, and two of them
“breaking with less than 21 tons.

The experiments were made un ties and lugs taken from the ruins, but no injury

was apparent on them from that cause, and we think the weakness found in them
“was due to_causes-to which we shall now refer.

2 Orvsy:

" IX. The tensile strength of the wrought iron used in the ties was proved By, Mr,

-Kirkaldy’s: experiments to be 20 tons to . the inch, and, the minimum sectional area

+
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of the tie bars as measured being 1°625 inches, they ought to have carried 325
tons ; ‘but the-bearing surface of the pin was much less than the minimum sectional
ares, and, the pin being placed very near the extremity of the bar, it was not
‘capable of developing the whole strength of the metal, which yielded by tearing
or fracture at the pin-hole.

Agsin, as regards the cast-iron lugs, the tensile strength of the metal obtained from
the average. of 14 specimens cut out of broken cast-iron columns was 9'1 tons per
square inch, the weakest being 81 ton per square inch. Fourteen cast-iron lugs, to
which the tie bars were attached, and which form portions of the diagonal cross-
bracing between the columns, were tested in London. These tests were made by
strains applied in the same direction as the lugs would be subjected to on the piers. Of
these, 10 were found to be sound castings, and four unsound. Of the sound castings,
the strongest bore less than three tons per aquare inch before breaking; the average
2 - 8 tons. per square inch, and the weakest 2 -44 tons per square inch before they
broke.

We believe this great apparent reduction of strength in the cast iron is attri-

‘Dbutable to._the nature of the fastenings, which caused the stress to be brought on
~-the::edges:or outer sides of the lugs inatead of acting fairly upon them. And we wish
“to diréct attention specially to these results, because the employment of wrought-iron
ties bolted to cast-iron lugs ia a mode of construction frequently employed in other
structures, and the deficiency of strength arising from it is not, we think, generally
known. -

As ' question of ultimate strength, it may be urged that, if the weakest ties bore
nearly 21 tons, the viaduct ought to have been able to resist 35 lbs. 1Per square foot of
wind pressure, because, according to the calculations of Messrs. Pole and Stewart,
35 1bs. -of pressure would have been required to produce that strain. But Messrs.
Pole and:Stewart’s calculation is based on the assumption that the columns and

their-connecting “bolts bear 20 or 25 per cent. of the wind pressure, leaving only

“75-0r-80 -per cent. to be carried by the ties; it also assumes that all the ties are

_equally tightened up, that the columne are in their correct positious, and that
~gvery part.or member of the pier is performing its exact Froportion of duty.

~ These are conditions which can only exist within the elastic limit of the materials,
and: the elastic limit of iron in tension is somewhere about half its ultimate strength ;
that limit once passed. it is impossible to-say what would be the relation between-the
strains in the different members of which the pier was composed.

Mr. Kirkaldy's experiments show that the stretching or elongation of the ties. when
tosted with their fastenings, was greatly in excess of that due to the elastic action of
that material; a result attributable to the small bearing surfaces of the pins, gibs, and

- cotters, and to the conical holes in the lugs.

" In considering the construction of these piers, it is further to be observed that any
"considerable: stretching of the disgonal bracing, and consequent departure of the
*‘columnsifiofo- the vertical, was a derangement or distortion. which it was especially
Zimpértant:-to:avoid, because such a movement could not take place without causing an
unequal bearing at the bases or at the joints of the columns where it occurred, and
-might-either fesult in fracture of the flanges or of the connecting bolts.

And if, from - this or any other cause, one of the outer columns became fractured so
a8 lo be’incapable of bearing weight, the | -shaped box girder would have been
dJeprived of the support neceasary to sustain the main girder resting upon it. The
liability to accident from this camse is a direct consequence of the peculiar construction
‘ad(:)l‘phed'in; these piers.

he hexagonal form given to the pier had also the effect of throwing the main

- duty of- resisting wind pressure upon the cross bracing between the inner 15-inch
~:columns. ‘-‘The cross.bracing on the four oblique planes formed between the 18-inch
-and:F5-inéh columns, and placed on those planes at an unfavourable vertical angle,
-contributéd proportionately much less resistance to lateral pressure.

- -Before- leaving the subjeot of the cross bracing, we think it right to poiut out that

this part of the structure forms a comparatively small item in the quantity of metal
-and consequent cost of the bridge. The weight of the cross bracing in one of the high

plers was stated approximately at 5 tons, the total weight of iron in the piers being

75 tons, and it will be seen by the return of the quantities of iron work nsed by the

contractors, that out of a total quantity of iron of 10,518 tons, only 413 tous is classed
-under the head of bracing. '
.. ‘It:would appesr, therefore, that a great-increase of strength might have been given
“ib0'fhe..cross bracing on which so much depends in resisting wind pressure without:
~‘adding-a'large percentage to the cost of the bridge.
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" The wind:force: required to overturn thie piers as a whole, assuming that- there: were
‘1o holding-down holts, is estimated by—

With vo Traio. With a Train on Bridge.
Iba. per;u-nn fool. lbe. per aquare foot,
Mr Law - - - - - 36-38 34-38
... ZMessra, Pole and Stewart - . 374 344

~ In" these estimates it is, of course, assumed that the cross bracing-and other parts

-are of ‘adeguate strength. ] :

The holding-down bolts passed through two courses of stone; and if the effect of the
additional weight thus brought into operation be taken into account, together with a
fuir allowance for the tenacity of the cement, the stability as against overturning would
have been sufficient to resist 40 lbs. of wind, if the cross bracing had been made strong
enough to.resist that pressure.

" An opinion has been frequently expressed that the bases of the piers wore too narrow,
‘and it is clear that the requisite stability could have been obtained more readily if the
“bridge had been made for a double instead of a single line of railway ; but with iron-
‘work and bracing of sufficient strength in all their parts, held down by strong bolts
hedded’ deep”in the solid mass of the piers, there is no doubt that the caissons are
wide enough; to permit of piers being constructed adequate to perform all the duty

reguired, - .

X. Thero is no absolute knowledge of the mode in which the structure broke down; .
the evidenco of persons who happened to be looking at the bridge at the time agrees'in’ -
. describing lights falling into the river, and that these appearances lasted only a few -
seconds, but the evidence is not sufficiently clear and definite to determine by 1t which
portion of the bridge fell first. _

‘It is observable in the ruins of the bridge that tho columns have for the most part
.separated where they had been bolted to the base pieces; in two c{)ier's the separation
“has: taken. place higher up the pier, one being at the first and the other at -the

sécond-tier of -columns. ‘-

- .. At piers Nog:-33 and 37, which were at tho disconnected ends of the girders, the
.nasonry is -considerably disturbed, and the stonework has been partly torn up where
it was fastened to the base pieces by the holding-down bolts; this effect is especially
obgervable on the windward sides of these piers. The fracture of the cross bracing
-are in almost every instance at the lugs,

XI. The storm which occurred at Dundee on the night of the 28th December, was
recorded on board the * Mars” training ship, lying near Newport, as being of the force
of 10 to 11 of the Beaufort scale, and was especially characterised by strong gusts at
intervals. The evidences of wind force in the town of Dundee were not, however, such
.a8-t0. point to extreme wind pressure, but from the configuration of the land the main
‘force of the gusts would probably take the line of the river.

XII1. The first indication of weakness in the bridge itself was the looscning of a -
“.number of the-ties of the cross bracing, a fact observed by the inspector, Henry Noble,
in October, 1878. He did not communicate this fact to Sir T. Bouch, but procured
iron and packed the gibs and cotters, using for this purpose more than 100 iron
- packings.about.}, or £ of an inch thick in different parts of the bridge.
All the evidence relative to the condition of the ties states that they were, to all
appearance, in proper order at the date of the inspection by General Hutchinson, on
t£25th,26than627 th of February, 1878....The loesening which subsequently ensued
ch“)pus;t?]:ug;:;‘a‘;,‘;i;13:?.15]ted,i:'rom Jlateral action, and was: most:probably due, as Sir ‘T. Bouch
'8

nge ested,~tosstrains on the cross-bracing ‘produced by storms of wind, o

= -Sir:Thonmas Bouch considers (Ln: the lovsening arose from the bending of the pins

»in’the-holes: which had been left conical in casting the lugs, and it was, we think, one

“"of the canses ;” but the small bearing surfaces between the gibs and cotters, and the tie
bars, only about ‘375 of & square inch, would tend to increase this effect, and it might
have been further increased by displacement .or movement at the ends of those struts
where the fitting was imperfect.

Again, in October 1879 four of the columns were ascertained by Mr. Noble to
be cracked with vertical cracks, two of them being in the northern part of the bridge
-still standing, end one in pier No. 38 under the high girders. The inspector (Noble)
“bound these columns round with wrought-iron bands, and communicated this
fact to Sir Thomas Bouch, who came to the work, and, in reference to other indica-
tions of straining- pointed out by the inspector, decided to have extra bracings made
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for.-the .curved part of the bridge nerth of the large girders. It has been slre&dﬁi
mentioned. that: the columns of the -whole bridge were filled after their erection wi
Portland cement concrete, put in from the top, and concrete of this material, unless
carefully managed, is liable to swell in setting; from this circumstance, and from the
unequal -contraction of cast iron and concrete by cold, internal strains might have
arisen suffioient to produce such cracks. . Cracks of a like character have occurred
in other viaduots; and when the fracture is vertical it is capable of remedy, to a con-
siderable’ extent, by hooping with wrought-iron bands.

" In this-atate of the columns and ties the storm of the 28th De_cember 1879 occurred,
‘which would-necessarily produce great tension on the ties, varying as the heavy gusts
bore:upoi different parts of the bridge; and when under these strains the train came on
‘the'viaduct -bringing a larger surface of wind pressure to bear, as well as increased
:weight on’the- piers, and accompanied by the jarring action due to its motion along the
'rails; the. final catastrophe occurred.

The distance at which the girders were found from the piers, and the po_si_tion of the
wreckage . on the piers, is such as would result from a fracture and -separation taking
place in ‘the piers somewhere above the base of the columns; and such a fracture
might have.arisen from two causes: firstly, by the yielding of the cross bracing, and
the consequent distortion of the form of the piers, which would throw unequal &trains
on ‘the flanges and connecting bolts ; or, secondly, fracture might have taken place
in one of the outer leeward columns from causes similar to those which produced
the fractures found in other columns shortly before the accident.

XIII Sir T. Bouch states it to be his opinion that the accident was occasioned by
‘the- overturning of the second-class carriage and the van behind it by the force of
the: wiiid, that they were canted over against the girder, and that the force of the
blow given by these vehicles at the speed at which they were travelling was sufficient.
to destroy portions of the girders, and so occasioned the fall. Bnt in this opinion we
do not concur, and do not consider that it is supported by the evidenco of the
Enginecers who were called on the part of the Railway Company, Sir T. Bouch, and the

Contractors,

- Dr, Pole, Mr. Stewart, and Mr. Baker, all of whom were called on behalf of Sir I'. .

“Bouch, although they suggest the possibility of some shock acting in addition to the
“wind - pressure, all concur in attributing the first failure to the lugs of the cross-

-bracing. Mr. Cochrane believes that if the columns had been strongly braced, strongly
fitted, and: strongly held down by holding-down bolts the pier would have been
standing.now, a.ncgi adds, “ it is a question of cross-bracing, of course.” Mr. Law also
considers that the structure yielded because the ties were inadequate.

Such being the nature of the cose brought under our consideration in this inquiry,
we-have.to state as our opinion,
1st. That there is nothing to indicate any movement or settlement as having taken
_place in-the foundations of the piers which fell.
- 2nd. That the wrought iron employed was of fair strength, though not of high
- {fuality. as regards toughness.
-+ - 3rd. - That the cast iron was also fairly good in strength, but sluggish ‘When melted
“and presented: difficulty in obtaining sound castings. -
.. ~4th. That the girders whick have fallen were of sufficient strength, and had beeu
“carefully studied in proportioning the several parts to the duty they had to perform ;
-in-these girders some imperfections of workmanship were found, but they were not of
& character which contributed to the accident, and the fraotures found in these girders
were, we think, all caused by the fall from the tops of the piers.

“5th.. That the iron piers used in place of the brick piers originally contemplated
‘were strong enough for supporting the vertical weight, but were not of a sufficiently
_substantial.character to sustain, at 50 great a height. girders of such magnitude as
those which fell. That the cross bracing and its fastenings were too weak to resist
‘the-lateral.action of heavy gales of wind.

" "6th,“That the workmanship and fitting of the several parts comprising the piers.

‘were.inferior in many respects.

- 7th. That although a large staff of assistants and inspectors was employed, we con-
sider that:a sufficiently strict supervision was not exercised during the construction -of
-that, part;of the work made at the Wormit foundry. We think that the great inequality
+of thickness in some.of the columps,.the conical holes cast in the lugs, and-. several
-imperfections of workmanship which-have been ascertained by this inquiry, ought to
bisve bednprovented, —-
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8th. Phat the arrangements for the supervieion of the bridge after its completion
were not satisfactory, inasmuch as it was intrusted solely to Henry Noble, who, although
an_intelligent mar and very competent in the class of work to which he had been
ﬁégﬁﬁg@pﬁd,: possessed no experience in structures of iron work, nor does it appear that
he received any:définite instruction to report as to the state of the iron work of the

‘bridge.

i 9th, That Heary Noble having become aware that many of the ties of the cross
jbracing were loosened in October 1878, ought at once to have informed Sir T. Bouch
lof. this circumstance. Had he done so, there would have been ample time to have put
in:stronger ties and fastenings before the occurrence of the storm which overthrew the
bridge.. :

ll-dgth'. ‘That the ties of the cross bracing had been tightened up and brought to-their
bearing,.before the date of the inspection by General Hutchinson, and the fact that
many of them becameé-loose so soon afterwards, was an evidenge qf weakness 1n this
part of ‘the structure, and of 4 departure from the proper inclination or batter of tho
columns where it'occurred ;: and we think that the loosening of the ties to an extent
mifficient to -permit the insertion of pieces of iron 4 or § of an inch thick indicated a
considerable change of form of the pier, and rendered it doubtful if the piers could
have recovered their form when the wind action ceased. The employment of packing
pieces under such-circumstances might have had the effect of fixing the parts of the
structure where they were applied in their distorted form.

"11th. That notwithstanding the recommendation of General Hutchinson that the
speed of_ the trains on-the bridge should be restricted to 25 miles per hour, the railway
company did-not-eaforce that recommendation, and much higher speeds were frequently
run‘on portionk:of the bridge. : 7
‘12th. “That thie. fall of the bridge was occasioned by the insufficiency of the cross- .

bracings and itsifastenings to sustain the force of the gale on the night of December
28th, 1879, and-that the bridge had been previously strained by other gales.

13th. That although the general bearing f the evidence indicates the cross bracing
as -being thé first part to yield, yet it is possible that the fall of the bridge may have
been occasioned. by a fracture, or partial fracture, in one of the outward leeward columns,
produced by causes analogous to those which fractured other columns shortly before
the-acoident; for if a fracture, or partial fracture, of a daugerous character occurred
in one of these-columns, the extra strain brought on by the force of the gale, accom-
panied by thé.weight and tremor of the train, might have led to its final rupture,
. 14th. That the first or southern set of continuous girders, covering five spans, was
‘the -first- that féll after the engine and part of the trein had passed over the fourth pier,
and that the two. consecutive sets of continuous girders, each covering four spans, were
in succession pulled off the piers on which their northern ends rested, by the action of
the. firet set of .continuous girders falling cver, and probably breaking some of the
‘supporting columns,

15th, That the extent of the work which fell must be attributed to the employment
of long continuous girders, supported by piers built up of a series of caat-iron columns
of the dimensions-used.

oo _ In conclusion we have to state that there is no requirement issued by the Board of

frdations. | Trade respecting:wind pressure, and there does not appear to be any understood rule in
the engineering - profession regarding wind pressure in railway structures; and we
therefore recommend that the Board of Trade should take such steps sae may be
necessary fcjpat,h@qsmh]ishment of rules for that purpose. '
- Wealsé:tecaminend; before any steps are -taken for the reconstruction of the Tay
Bri’d'gé‘,']tl_i_iiﬁ_?ﬁ_‘iér_ﬁfﬁﬁ’e;ch‘_xjiina_tion‘ should<be-made .of those parts of the structure
left-standing;/especially as regards the piers, with a view to ensuring: such:alterations
‘afid-amendments as may be necessary to give to these portions of the work complete
stability. And we transmit herewith a further report from Mr. Law on that subject.

We have the honour to be,
Sir,
. ) 7 Your most obedient Servants,
- : W. YOLLAND,
: W. H. BARLOW.
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TAY BRIDGE.

REPORT.

TO THEVRIGHT HONORABLE THE PRESIDENT OF THE BOARD OF
TRADE.

SIg, London, 30th June, 1880.

Preliminary Remawr ks,

(1.) For reasons, into which 1t 1s not necessary to enter, I have thought it better to
send 1n my own separate Report, instead of joining 1n a Report with my colleagues.

(2.) The two Reports will be found to agree substantially in their conclusions. A
statement of the points, on which we agree, and on which we do not agree, will be
found at the end of this Report.

(3.) Although this Report is only signed by myself, I have retained the plural
number throughout, as it would requre some time to make the necessary corrections,
and no misconception is likely to arise therefrom.

Course ot the Inguiry.

(4.) Haviveg been directed by an order dated the 3lst December last, to hold a
formal investigation, under the provisions of the ‘ Regulation of Railways Act, 1871,"
“ into the canses of and the circumstances attending an accident, which took place
“ on the railway bridge crossing the Firth of Tay, on the North British Railway on
“ the twenty-eighth ™ of that imonth, we deemed 1t expedient to proceed at omce to
Dundee, for the purpose of making a personal inspection of the bridge, and at the
seme {ime of examining, whilst the facts were still fresh in their memories, any
witnesses, who might be able to speak to the occurrences.

(5.) Accordingly, on the 3rd day of January last the Inquiry was opened in the
Assize Court at Dundee, which had been kindly placed at our disposal. Mr. Trayner
appearing for the Board of Trade, and Mr Balfour for the North British Railway
Company. On that day, and on the following Monday and Tuesday, a number of
witnesses were examined, chiefly in regard to the * circumstances attending”™ the
casualty ; when finding that there were no more witnesses, whom the parties were then
in a pomtion to call before us, we adjourned the further hearing to allow nme to
collect full information as to the past and present condition of the structure, without
which it seemed to us 1mpossible to prosecute our inqury into the ** causes,” which

had contributed to the accident.

(6.) Wath a view to obtain this information, we appointed Mr., Henry Law; a member
of the Institution of Civil Engimneers, with directions to make a careful mnspection of
the whole of the structure, and to report to us fully thereom, and as to the probable
oauses of the casualty. We also directed him to select specimens of the wrought
and cast iron, and to forward them to Mr. Kirkaldy for the purposs of being tested
at his estabhishment at Southwark. We also called upon the rallway company to
furnish us with detailed information of the weight, strength, and dimensions of
different parts of the structure, of the forces which would be required to overthrow it,
and of the causes to which, in their opwmnion, the fall of the bridge was due. Photo-
graphs also were ordered to be taken of the fallen piers and girders, as well as of the
remains of the.engine and carriages, when they should have been recovered from
the bottom of -the river.

(7.) Whilst waiting for this information, we were told that there were a number of
witnesses &t or near Dundee, who could give very important evidence as to the con-
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dition of the” bridge before the accident. We therefore returned to Dundee, and from
the 26th of February to the 8rd of March last, we were engaged examining a number
of witnesses, chiefly with reference to certain all defects in the materials and
workmanship of the bridge, and to the speed at which trains were accustomed to cross
it, Mr. Trayner and Mr. Balfour appearing as before.

(8.) The information, for which we had been waiting,| having been at length obtained,
the inquiry was resumed at Westminster, and contjnued from the 19th of April
until the 8th of May, Mr. Trayner and Mr. Balfour representing the Board of Trade
and Railway Company respectively, Mr. Bidder appea.rincg for Sir Thomas Bouch, the
Engineer, and Messrs. Webster and Macrory for the Contractors, Messrs. Hopkins,
Gilkes, & Co. On this occasion a very large amount of evidence was taken, chiefly of
a technical and scientific character, with the object of ascertaining the causes which

had contributed to the fall of the bridge.

(9.) Finally all the witnesees having been examined, and counsel heard for their
reapective parties, the Inquiry was declared to be closed ; and it now only remains for
us to state the conclusions, to which we have come, after a most careful and anxious
consideration of the facts contained in the evidence and documents, which have
been laid before us. A copy of this evidence, and of the more important documents
will be found annexed to this Report, and to these we must beg to refer. The circum-

stances of the case are as follow.

Iistory of the Undertaking.

(10.) It seems that, a proposal having beer made to build o bridge across the Firth
of Tay opposite to Dundee, SBir Thomas Bouch caused borings to be made, from
which he was led fo Dbelieve that hard rock would be found extending across from
side to side, at no great depth below the bed of the river. He accordingly designed
n bridge, which was to consist of open lattice girder-work, and which was t0 be carried
across the river on piers mainly consisting of brick, built up from the solid rock es a
foundation. The scheme having been approved, a contract was on the 8th of May
1871 entered into with Messrs. De Bergue & Co. to undertake the work. After the
first 14 piers on the south side had been built, and carried up to a height of 20 feet
above high-water level, it was found, on sinking the cylinders for the 15th and 16th

iers, that what had been taken by the borers for solid rock, was only a bed of
rd conglomerate about 3 or 4 feet thick, on piercing which they came into soft
mud or sand of unknown depth, the rock having disappeared. The discovery seems to
bave been made about May, 1873, for we have a report to Sir Thomas Bouch from
Mr. Paterson, the resident engineer, dated the 29th of that month, :n which the fact

18 first mentioned.

(11.) The result of course was that the design had to be altered, and to meet tho
difficulty, which had arisen, Sir Thomas Bouch proposed that the area of the founda-
tions should be considerably increased, and that light columns of iron should be
substituted for the brick piers previously intended ; and there is a report from Sir
Thomas Bouch to the directors, gated the 11th December 1873, in which he explains
at length the advantages of the proposed changes.

(12.) In the meantime Mr. Charles de Bergue, the leading pariner in the contractor's
firm, had become so ill as to be unable to attend to business, and it became necessary
fo transfer the contract to other hands. This was accordingly done, and on the
26th of June 1874, a contract was entered into with Messrs. Hopkins, Gilkes, & Co., of
Middlesborough, to complete the work, the new contractors agreeing to take over from
Messrs. de Bergue the whole of the existing staff and plant, as well as the foundry
works, which had been erected at Wormit, near the southern end of the bridge, and
where it was proposed to cast some portions of the ironwork required 1n the
construction.

(13.) The proposal to siter the piers from brick to iron seems’to have been made
before the contract was signed with Mesers. Hopkins, Gilkes, & Co., but the final
designs were not settled until afterwards; for Sir Thomas Bouch told us that they
were settled in consultation with Mr. Gilkes at Middlesborough; and there is a
Jetter from Mr, Gilkes to Sir Thomas Bouch dated the 8th of June 1875, in which he
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speaks of the proposed * enlargement of the spans and certain alterations of; the
ters,” which he states had, “long and careful consideration,” been at length
ecided on. The “enlargement” here referred to is that of the large spans crossmg
the navigable part of the river, which as originally designed were to have a width of
215 feet from centre to centre, and 200 feet between the piers, but in the final
lans they were to be 245 feet from centre to centre, except two, which were to be

227 feot each.

(14.) From this time the work progressed with great rapidity, a large number of
men being constantly employed both on the bridge itself and at the Wormit foundry ;
and although some delay occurred from the fall, during 2 heavy gale of wind, of two
of the large iron girders, whilst they were being raised into their positions, together
with the piers on which it was proposed to place them, the bridge was completed, if
not within, at all events very soon after, the stipulated time.

(15.) On the completion of the bridge the usual notices were sent to the Board of
Trade, and theroupon General Hutchinson was directed to go down and mspect 1t.
His inspection took place on the 25th, 26th, and 27th February 1878, and on the
5th of March following he reported that he saw ‘no reason why the Board of Trade
* should-object *-to the bridge being used for passenger traffic; he stated, however,
that it would “not be desirable that trains should * run over the bridge at a high
“ rate of speed,” and suggested ‘25 miles an hour as a limit, which should not be
“ exceeded,” adding that ‘‘ very careful attention will be required to ascertain from
“~time t0 time that no scouring action 18 taking place m the foundations,” and
 that he should wish, 1f possible, to have an opportunity of * observing the cflects of
* a high wind when a train of carriages is runmng over the bndge.”

16.) Some delay occurred, owing to the approaches not being fimshed, but at
length in Junc 1878 the bridge was opened for passenger traffic, and from that time
trains continued to run regularly across it until thoevening of the 28th of December
. last, when the accident, which we are now about to describe, occurred.

Account of the Accident.

(17.) On the evening in question the train from Ediburgh arrived in due course alb
St. Fort Station, which is the last before crossing the bridge, and there the tickets
of all the passengers for Dundee were, as usual, collected. We are told that there
were 1n the train at that time, 57 passengers for Dundee, 5 or 6 for Broughty Ferry,
5 for Newport, 2 season ticket holders, the engine driver, stoker, and guard of the
train, and !ZJ other guards, making 74 or 75 persons in all. The tickets having been
collected, the train proceeded on 1ts course, leaving the St. Fort Station at 7.8 p.m.,
and on approaching the cabin, which stands at the southern end of the bnidge, the
speed *was slackened to enable the eng_.. dmver to take the batou, without which he
is not allowed to cross the bridge. On receiving it, steam was again got up, and the
~train passed-on to the bridge; upon which the signalman, Thomas Barclay, signalled
the fact to the north cabin, and made an entry in his book of the time, which he told
us was 13 minutes after 7 o’clock. At this time it was blowing a strong gale from
about W.S.W., almost directly across the bridge; the night was also extremely dark,
for although there was a full moon, heavy clouds obscured 1its face. '

(18.) It seems that a person named John Watt, a surface man in the employment of
the North British Railway Company, had gone to keep Barclay company, and was in
the cabin when the train passed, and 1t 1s from him that we have the best account
of what then occurred. hilst Barclay was attending to his dutics, entermg the tune
in hig book and making up the stove fire, Watt was watching the train from the window
in the cabin door, which looks northward down the hme. According to -him; when
the train had got about 200 yards.from the cabin, he observed sparks flying from the

“wheels ; and. after they had continued for about three minutes, there was a sudden
“bright flash-of light, and in an instant there was total darkness, the tail lamps of the
tramn, the sparks, and flash of hght all disappearing at the same instant. On informmng
Barclay of what had occurred, the two men endeavoured at first to make their way
along the bridge, but finding 1t impossible to do so, owing to the violence of the wind
which was then blowing, they got down to the side of the river, and after a time werc
able to make out that a large portion of the bridge had been carried away. On further
inquiry it was ascertained that the train had also fallen into the river, and that every
-persov in it had perished.
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Deseription of the Bridge.

(19.) In-order to understand what had really occurred, it will be necessary that we
should now give a general description of the nature and character of the structure.

(20.) As finally constructed, the bridge, which had a total length from cabin to
cabin of 1 mile 1,705 yards, was carried across the river on 85 pers, of which the
first 14, counting from the south shore, were entirely of brick, the rest being for the
most part composed of iron columns. Starting from an abutment on the south shore,

‘it ‘curved to the left for the first three spans, which brought it at right angles to

the course of the river, which here runs nearly due east and west ; it was then straight
to pier 53, whence it curved sharply to the right with a radius of 20 to 22 chains,
until it reached the north shore ~Kor the first three spans after leaving the south
shore the roadway slightly fell; 1t was then level to pier 6, whence it rose with a
gentle incline of 1 1n 353 to prer 29 ; from 29 to 30 the incline was 1 in 490; it was
then level for six spans, and at pier 36 1t began to fall, the inclhine from 36 to 37
being 1 1n 130, after which the fall was extremely rapid, bemg about 1 in 74, until
1t reached the north shore. 1t will thus be seen that from soon after leaving the
south shore there was a gentle rise till they reached pier 30, where the under mde
of the bridge was about 88 feet above high-water mark; from there the bridge was
level for six spang; and from pier 37 the fall was very rapid to the north shore.

(21.} To allow for the expansion and contraction of the iron, the girders, of which
the bridge was composed, were not continuous throughont therr entire length, but were
divided into sections of four, five, or six apans; and whilst the spans of each section
were firmly riveted together, 80 as to form one continuous girder, the sections were
quite distinct and separate. Each section was rigidly attached to the top of one of the
piers, by which 1t was supported, whilst on the other piers it rested on rollers having
bevelled flanges. Where the section 18 rigidly attached to the pier, 1t is called a
fixed bearing; where the ends of two sections meet, 1t 18 called an expansion joint;
the others being called roller bearings.

(22.) Between piers 28 to 41, where 1t crossed the navigable part of the river, the
girders were raised so as to give additional headway to passing vessels, the lower
booms of this portion bemng in a lime with the npper booms of the portions north
and south of it. The consequence was that, whilst from the south shore to pier 28, and
again from pier 41 to the north shore. the roadway was carred on the upper booms,
and therefore outside and on the top of the girders; between piers 28 and 41 1t was
carried on the lower booms, and therefore mmside and on the bottom of the girders.
These latter were called the high girders; and as they were entirely carried away, it 18
to this part of the structure that our attention must be more particularly directed.

The Hwgh G ders.

(23.) The high girders consisted of 13 spans, of which 11 were 245 feet and two
227 feet each, making a total of 3,149 feet, or very neerly 1,050 yards. They were
divided into three sections; the first, beginning from the south, containing five spans
of 245 feet each; the second, four spans, two of 245, and two of 227 feet each ; and
the third, four spaps each of 245 feet. There were fixed bearings at piers 31, 35,
and 39, expansion joints over plers 33 and 37 and at the two extremities, and the rest
were roller bearings.

(24.) The:girders, which were of wrought iron, were 27 feet high, the sides being
14 feer-10 1nches.apart from centre to centre. The upper and lower booms on each
side-were trough-shaped, 2 feet wide, and 15 or 16 inches deep, and were connected
together by flat-tensile bars in pairs riveted to each side of the booms, as well as by
I-shaped struts placed between the sides of the booms, and secured to them and to
the tensile bars-at their intersections. The two upper booms were braced together by
wrought-iron beams with disgonal stays; but the lower booms, which 1n this part
carried the permanent way, were connected by tramsverse wrought-iron, fish-shaped
girders, set-about 5 feet 5 nches apart, and firmly riveted to the upper side of the
buoms The girder over each span was complete within 1itself, the vertical ends being
of simlar construction to the booms, and 18 inches wide on the face. On the whole, the .
girders appear to have been well constructed, and to have been carefully proportioned to



28

the strains, which they had to bear; and as there is no reason to suppose that the casualty
was due to any defects therein, 1t is not necessary to describe them more in detail.

(25.) With the supports, however, 1t is otherwise, for the columns on which the 7ie sup.
girders rested, have all, from 29 to 40 inclusive, given way, and in every case but ports.
two from their very bases; and it therefore becomes important to examine their

construction with some care.

(26.) Wehave said that it was originally mtended to build the piers, which supported The

this part of the structure, of brick; but that, when it was found that the rock had Jfounrdations.
disappeared, it was determined to lighten the piers by making them of cast-iron
columns, and at the same time to increase considerably the area of the foundations. To

obtan foundations for the piers, wrought-iron caissons 31 feet in diameter were con-

structed on the shore, which, on bemng lined with 18 1nches of brickwork were floated

out, and sunk in their proper places. This was an extremely difficult operation, but

appears to have been successfully performed. After a caisson had been sunk as low as

was deemed necessary, the centre was filled up with concrete ; and upon this was built

s hexagonal-shaped pier, measuring 27 feet 6 inches from east to west, and 15 feet

6 inches from north to south; the lower part of which was faced with brick, whilst

the four upper courses were faced with stone, the centre, as in the case of the caissons,

being filled with concrete. And at the angles of the hexagonal pier were placed s1x cast-

iron base pieces, 2 feet in height, and secured to the pier by holding-down bolts passing

through the two upper courses of stone ; and upon these were raised the columns. The
srrangement of the foundations, the pier, and the base pieces will be best seen from yide plan
the plan annexed to this Report, which is taken from a drawing in Mr. Law’s report.  annexed.

(27.) The columns, of which there were si1x on each pier, were all of cast won and 74e
hollow, the two outer being 18 inches, whilst the four inner ones were only 15 inches columns,
in diemeter each. They were bwlt up 1n tiers or sections, those on piers 28 and
41, where the higher and lower girders met, consisting of six tiers, whilst those on
all the plers from 29 to 40 inclusive consisted of seven tiers, Kach tier was attached
to the adjoiming tiers, as well as to the base pieces, by eight ecrewed bolts, 14 inches
in diameter, passing through holes 1n flanges cast with and at either end of each
section of columns. As to the thickuess of the metal in the colmnns, which appears
to have been altered during the progress of the work, we shall presently have a few
words to say. The columns, after thev were erected. were filled with concrote, not
indeed with & view of adding to their strength, but to prevent internal corrosion.

(28.) To prevent the columns from buckling or bending they were braced togother The struts
at every jomt by wrought-iron struts and ties The struts, which were horizontal, and tiwes.
consisted of two channel irons, placed back to back, which were secured at each end
by 1i-inch bolts passing through lugs on the columns.* The rectangular openings
thus formed by the struts and columns were stayed diagonally by flat tie bars,

4% inches broad and half an inch thick The upper ends of these tie bars were
attached in the same way, as the struts, to lugs cast on the columns; whilst the
lower ends were secured between two 1ron plates, 4% inches by #ths of an inch thick,

. called shng plates, by gibs and cotters,t the lower end of the sling plates being
attached- by bolts to lugs on the columns.

(29.) At the end of each hier or section of the columns, except where they rested on 7he spgots.
the base pleces, was an inner projecting rim or spigot, about three-quarters of an
inch deep, 8o as to allow each section to fit into the one below it; this also, we are
told, was not done with a view to give any additional strength to the columns, but
simply to prevent any sliding movement of one section over another.

.. - (80.) There-is another point in connexion with the columns, to which 1t 18 also The rran-

= important to-call attention. The six columns, of which each pier consisted, were gular
drvided into. two triangular groups, composed of one outer and the two next inner grouping of
."columns; and upon each group of three columns was placed a wrought-iron | -shaped a;f&:mf"

girder, having 1ts two ends resting on the inner columns, and its angle on the outer girders,

® By-the term “lugs,” wlhich is the Scotch word for *cars,” are here meant projecting preces of iron,
placed on the outside ot the volumn, snd in the ungle between the flange and the shaft; they were cast with
the columpe, and had their bolt-holes rendy made, as they 1:sued from the mould.

t The gba and cotters referred to consisted of wedge-shuped pieces of iron, passed through slits both
the sling plates- apd mn the lowsr end of tie bsr, and wihch, when dnven home, served 1o tighten up the tie

bar, and thus to bring the eross bracing (o its bearings,
p 3
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column. Owing, too, to the inelination, or as it is technically called the batter, of
12 inches given to each of the columns, that of the outer columns being towards the
centre 1n a plane at right angles to the line of the bridge, that of each pair of inner
columns towards each other In a plane in the line of the bridge, the tops of the columns
in each triangular group were brought somewhat closer together than they were at
their bases ; whilst the two groups were as far apart from one another at their tops
as they were at their bases. There was, moreover, no connexion between the two
L girders, so that each of the piers on which the bridge was supported may be said to
have consisted of two three-legged stools, having mo connexion with one another,
beyond the ties and struts, between the inner oolumns, of which we have spoken.

(31.) To complete the description of the bridge, it should be stated that upon each
of the | girders there was a wrought-iron cellular girder, running north and south 1n
the line of the bridge ; immediately above which were the longitudinal lattice girders,
forming the sides of the bridge. And, as this cellular girder lay 1n a lme, equidistant
from the centres of the three columus forming cach triangular group at thewr tops, 16
will be seen that the whole of the superincumbent weight was borne equally between
the two outer and the four inner ones, cach of the outer columns thus bearing double

. -the weight of any one of the inner columns.

{ Rollers. |

" The thcfiﬂc.

The }:ue‘:r.\
; andoohfmna.

(32.) Upon the upper sido of the cellular girder above referred to was bolted a
masgive cast-iron plate, a simular plate bemg bolted to the under side of the
longitudinal lattice girder of the bridge; and between these two plates were placed
the cast-iron rollers referred to above, each 5 inches 1 diamoter and 2 feet long, and
with flanges of three guarters of an inch deep; except, of course, where there was a
fized bearing. when the longitudinal lattice girder was attached directly to the cellular
girder by screwed bolts.

Condition after the decident.

(88.) Let us now see what was the condition of the bridge immediately after the
accident.

(34.) And, first, as rogards the girders. These, 1t scems, were lying in the bed of the
nver to the east of, and at some distance from the base of the piers, baving turned
over on their sides, so that what had been the east side was now the bottom, the west
side forming the top. It appears from o plan, which was put in by the railway
company. and which will be found in the Appendix, that the girder did not lie in a
straight line, but that the three sections, of which 1t was composed, formed three distinct
arcs, with their concave smides towards the piers, being nearest to the piers at the
expansion joints, and furthest from them at the fixed bearings. Thus at piers 28, 33, 37,
and 41,.where there were expansion joints, the distances of the girder from the piers
were respectively 22 feet 6 imches, 21 feet, 25 feet 6 inches, and 23 feet; whilst
at piers 31, 35, and 39, where there were fixed bearings, the distances were
respectively 42 feet 6 inches, 51 feet, and 44 feet 6 inches. At the intermediate roller
bearmgs the distances werc something between the two, the only cxception being
opposite to pier 29, where the distance from the pier was only 16 feet, a not
nmmportant fact to which we shall presently have occasion to allude.

(35.) Secondly, as regards the piers. There was nothing to show that there had
been any movement or settlement in any of the foundations; but the joints of
the masonry of. the hexagonal piers had in almost every case been severely shaken
and in:two:mstances the.two upper courses of stone on the west side had been wrenched
off andtilted. up on end. It ‘was, bowever,-to the columns that the greatest injury had

‘been done. _All these, from piers 29 to 40, had been entirely carried away, with the

exception of the two lowest tiers on 29, and the lowest on 30. In almost every
mstance the bolts, which held the columns to their base pieces, as well as those
which attached the several tiers to one another, were broken, and the tiers lay some 01;
the picrs, but most of them in tho bottom of the river to the eastward of the piers
In a great many instances the whole or portions of the flanges had been broken off,
sometimes carrying with them part of the shaft. What however was chiefly to be
remarked, was that the cast-iron lugs had almost all broken, whilst the wrought-iron
struts and ties for the moat part remained uninjured. This was especially noticeable
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on the piers left standing at the two extremities, namely Piers 28 and 41; where
the lugs-on the sides, facing the fallen girders, were almost all broken, and the ties,
which had held the two 15-inch columms together, were hanging loosely from their

ends.

(86.) Thirdly, as regards the train. This consisted of the engine and tender, a third-
class carriage, then a firat-clags, then two third-class, then & second-class, and lastly
the guard’s van. Of these the engine, the tender, and ;the four first carmages were
found 1n the fifth or last span of the first section of the high girders, whilst the
socond~class carriage and the guard’s van were in the fourth, but close to 1ts junction
with the fifth span. The engine and tender were on their sides, as well as the last
carriage and the guard’s van; but the four intermediate carriages were standing
upright on their wheels, having, it is supposed, been floated after the accident by the

air enclosed by the roofs.

The travn,

Causes assigned for the Casualty,

o (3_7'.-)" The next question to be considered was, to what causes the fall of the
- ~bridge was to be attributed.

(88.) And first it may he well to state what are the views entertained by those most gy, /e
deeply interested m the case, the company, the engineer, and the persons chiefly con- pasnes
cerned in building the bridge. It seemed to us that these gentlemen had a right to rutercsted.
have their views fully and clearly stated, and their arguments carefully weighed and
considered, for none could know better than they the nature and character of the

gtructure.

(39.) We accordingly addressed a letter to the company, asking them to what causes Company’s

they-attributed the fall of the bndge; and n reply we were informed in a letter dated wews.
. ‘the 12th of March last that, * apart from the overpowering violence of the wind.”

“they were ‘““not yet aware of any circumstances which in themselves would account

for the disaster.” Up to this time, then, the company were under the impression

that the fall of the bridge was due to the violence of the wind alone; and this was

the conclusion, to which they had come, more than two months after the casualty
had occurred, during which time they must have obtained full knowledge of all the
facts, and have had ample opportunities of conferring with Sir Thomas Bouch, and

the engineers and officers of the line.

(40.) On the 22nd of April following Mr. Grothe, the resident engineer and manager Mr. Grothe's
for the contractors during the whole of the operations, was examined, and on bemg 7"
.agsked what in his opinion had caused the fall of the bridge, he stated that in all

robability, when the tram was on span 32, the end of the girder at the expansion
" Joint over -pier 33 had been lifted off its bearings, and having been blown .off the to
- .of the pier, it had come down smashing the %ier below 1t. Hverything, he said, pointeg

to what he:had *“heard called a simple smash, something falling from the top, and in
its fall crushing everything below 1t;"” and that this would have happened, “no
“ matter what that pier had been made of, if it had been made of steel from top
“ to bottom.” It is not very easy to follow Mr. Grothe’s reasonmng; but what we
understood him to say was, that the accident was not due to any want of strength
in the piers or their fastenings, but to the end of the girder at the expansion
jomt-having been blown off the top of the pier, and to its them coming down
. smashing - everything below it. But it might be said in reply that, before this could
“"have happéned, the permanent way must have been fractured at that pomnt, the
-pérmanent’ way being continuous, although’ the girders are disconnected at the
-expansion joints; and that there is nothing to show that the permanent way. had
"been - broken ‘at any of the expansion joints. Moreover, if the bridge had fallen 1n
the way he supposes, by the end of the girder being blown off the pier at the
expansion joint, and coming down, smashing the pier below it, we should naturally
expect to find it, if not om, at all events near the base of the piers; but, instead of
this, it is at & considerable distance from the base of the piers, in one place no less than
51 feet from it. All, however, that we need say about Mr. Grothe’s theory is,
that it seemed not to have found much favour with any of the witnesses who followed
him; for none of them were propared to support it.
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(41.) Mr. Grothe, as I have said, gave his evidence on the 22nd April; and on
the 30th of- the same month we %\twe a new theory set up. On that day Sir
Thomas Bouch was examined, and 1n answer to a question put by Mr. Bidder,
what in his opinion caused the fall of the bridge, Sir Thomas replied (Q. 16,798) :
““ Well, I have thought a great deal about it very anxiously, and my own opinion is
“ fixed now ; that 1t was caused hy the capsizing of one of the last, or the two last
“ carmages, that is to say, the second-class carriage and the ven; that they canted
‘“ over agenst the Eirder.” Sir Thomas was subsequently asked by the court to
‘explam more fully what he meant, and he then gave the following evidence :—

17,186. ( The Commussioner,) You have told us that you thizk the cause of the accident wns the tiamn
coming nto colliston with the guder, with these ties, I suppose ?—Yes, I think 1t was caused by thcse
two things,—eorming into collison with the ties and bemng capaized by the wind.

17,187. You do nmot mean that 1t came mto collsion with the boom , you mean that it vame nto collimo
with one of these ties 7—Yes, 1 think so, with one of the girder ties

17,189 Do you think that the mero bresking ol uny one of these tiea of the girder would bo sufficien
to bring 1t-down P—I do not know that the mere bicaking of any one of them would be gufficient, but ther
are geveral stiuts and ties where this second-class cairinge nnd the van were found, and I have had the whole
_thing surveved and made mto a plan,

-17,192. Do you think that taking awny two of these ties and struts there would be sufficrent to bring the-
bridge down ?—Most undoubtedly, with that wind,

17,195. Put the wind amde. Do you thmk that the hreaking away of two of those ties and struts would
be sufficient to biing the bridge down *—Yes.

17,194. By entting themn thiongh > Do you think that that would be sufficient to biing the hridge down ¢
—1 do,

17,195 You thiuk, therefore, thut tis biidge was so construeted thaty if oue or two of Lhese ties gave
way, the whole of the Lndge between the ngh girders would come down ?—1I think so, that s to say, 1f you

cut them
17,196, So constiucted that f one ot the othet of thesa wes gave way 7—I1 do not know as Lo one, but

certainly 1wo
17,197. If two of them cumne dowu, the whole length of the bridge between the ligh girdeis would come
down P—Of couize the mnder coming down ~ends the pier down, and they nll go one afler the other like.

(42.) Sir Thomas Bouch gave his enidence on the 30th April and the 3rd of May,
and on the 5th an entirely new theory 1s started. On that day Dr. Pole, a gentleman
of considerable scientific attainments, who has throughout these proceedings been Sir
Thomas Bouch's confidential adviser, having been present and heard all the evidence
given at Westminster, was examined, and on being asked by Mr. Bidder, ** What wonld
“ you say was more probable as being the exphecable cause of what happened to
* the Tay Bridge ?" he rephed : —

18,607, As I cannot think that a staucsl torce would have broken down the hudge,—any staticat force that,
as far as I kuow, could come upon 1t,—I think the rupture must have been caused by the superaddition to the
statical force slready existng of something lihe & shock of some kind  The hridge had been already straincd
considerably by the wind, as nobody dentes; apd 1f [ am mght 1 being unable to find any statical foree
that was sufficient to ruptuic i, 1 can only conclude that there must bave been something super-added, and the
moyt reasonable supposiion to my mind)s that thet something should have heen in the nature of a shock,
and I am led in a great measute to think that this 16 rendered probuble by the fact which struck me at the
very first moment I looked at tbe bridge, and that is, that 1t 15 slmost umversally the cast iron that bas gone,
and not the wrought irou. I do not know the details, hut the fact impressed iself very strongly upon my
mnd, that 1o all cases these ties have broken hy a rupture of the cast iron and not by any fracture of the tics
themselves, and since we know that cast von gives way so wuch more read-ly under shocks than wrought
iron, and will Tesist staticsl pressure very well, it oceurred to me, as an explanation worthy of consideration,
whether there might not have been & shock 1n addiion to the statical strain which broke these Ings

(43.) That the theory set up by Dr. Pole was really quite different from that started
by Sir Thomas Bouch 18 clear from the answers, which he gave to the following
questions, put to him by Mr. Bidder:—

- - 18,746:% Mylearnéd-friend nsked you your opinion as 1o whethes the second-claes carriage,.if projected agaiost
<the-legward’ il der;would- break two struts, and yon said that you doubted whether 1t would break them altogether
away ;-bit 1n-your-obseriations se regards the impact of those carrisges as s sbock upon the hridge, you did
Dot necessanily assime that the struts were destioyed, did you *~—Ob, no, 1 rather based my IE:a of the
ghack on the expenditurc of tis teva 1o o lateral directron on the custern girders, and I did not attach
much weight to the possbility of the traun breaking down the girders, I do not think we have evidence that it
43 the girdeis that gave way. 1 would rather incline to the opinon that it was the pier that gave way. 1do
M. o think there 1a any evidence to show that the girder gave way fiist. Of course the destruction of two struts
the girder would caunee 1t {0 give way , but% do pot think there 1z evidence thet that took place, and I
besed my opmion that tbe carrisges m getting off’ the line might have caused the destruction of the'bnd-e
rather upon the expenditure of the vis viva n a lateral direction on the emstern girder by rhe forable contact
of the two carmages w thet direction. That is sufficent 1n my mind to account for the destruction of the
pier, and at the same time it does not 1nvolve the previons destruction of the girder.

I



. 18,747, (Colonel. Volland.) Transmitting the effect into the columns of the piers >—Tranamitting the effects
“intp the columns-of the piers. The vis viva must have been extingnished, and if a considerable poition of
‘it was diverted againét tho cestword girder, I do not nec how we con evade the conclusion that it must have
acted upon the prer,1n addition to end in the eame duection as the stram alicwly exasting from the wind.
That wes the last stiaw (u vely heavy straw), wlich may have cansed I think, the fiacture of thete tiex I

do not go further than that.
18,748, Then, nt any rate, I undeistand that 1n whatever way these cuuses operated, the effect of them,

and the first abeolutely fatal effeet upon the bridge, was the breskage of one of the columps of the prer *—The
breaknge of the tie. I do not tlunk the columng would go firsl I sad, s answar to M. Trayner, that 1
considered thie tho weakest part of the struetvro (powfing o out), and 1 consider that (his wonld be the fist
thing togo -

llﬁ'T‘ng.' Do you think that the shock of a tiam-on tius part of the pnder, which dil not destroy the ginder,
would be capublo of mmparting such action to that lower tie os to destioy it 7=Yes, i it was transmitted
agamnst the castwaid side, beeause it would eertmnly then be tian~mittcd through the castward girdets, and to

the prers upon which the guiders rested,
18,730, (Mr. Ihelder)) Any latersl pressure, o any lateral blow upon the gurder, must vlitimately, must i wot,

be transmitted obsolntely undimmmished to the lowest pier 7—Yes, it must be »0, the cmount of L e 15 s
lwi ge,

(44.) Without accepting Mr. Bidder’s somewhat doubtful theory that any lateral pres-
gure, ‘“ or any lateral blow upon the girder, must ultamately be transmtted whofutely
undiminished -t0, the lowest pier,” it 18 clear that, what Dr. Pole means, 1s, that the
‘cast-iron -lugs broke, 1 consequence of the shock given by the carages commg
ags:linst the leeward girder, and that the columnns being thus left unsupported, the
bridge fell.

(4%.) On the following day. the 6th of May, Mr. Stewart, a mathematician and an
engineer, who had assisted S Thomas Bouch in desigmug the bridge, and who,
like Dr, Pole, bad been present and advising Sir Thomas Bouch throughout the pro-
ceedings, was exammed, and he agreed with Dr. Polo as to the causes, whteh had led

to the fall of the bridge He was then asked—

19,003, And generally do you agree with his evidence, und lis apimon, thut it requnel sumething more
than nny statical wind pressuie, that yeu could have oapectedt to come npon the buidge, to have caused what
happened on the night of the 28th Deermber —Yes, [ do.

15,04, Do you also agree with hum that the <hock of two of the cannmges gomg at the tate of 235 miles
an- hour, 1f they came into collicion with the girder, supetimposed upon all the normal otrams upon the budge,

would ‘be yufficient to cause a fuilure *—Certanly

(46.) Mr. Stewart having stated that * the pier gave way, not from a moment of
force, but from a sheering action,” he was asked by Mr. Barlow—

19,349. You scem very posiive thut it was n shecting action ; will you tell us why you think it gave way
from a sheenng achion ?—1 tlink 1t gave way trom u sheeting uction from exammation of the bindge, I saw
ity sl us Di. Pole very distinctly explained, 1 wleve the ties wete the first thing to grve way.

19,350. Tho lower ties °—-I cannot tell which of them.

19,351. The lower ties wonld he more strained i proportion to thew sticugth, would they not /—They would

be somewhat more struned.

(47.) He was then asked by the court—

19,368. (The Comnmssioner.) As I understand you, you say yon believe that the casualty was due te &
-sheering action eaused by the preat pressure of the wind *—Yes

19,369. -And acting ultimately upon the ties aud breakiug the ties, aud then lemving the columns wusup-
ported, na 1t were >—Dreaking first the Lies, aud then the columns would be very wenk, aud would go over.

19.370. As 1t hns been dcscribed, as u paw of rulers —7Yes.

(48.) Here, Mr. Stewart, in speaking of the ties, evidently meant the cast-iron lugs,
for ho was asked —

19,384, {Colonel Yolland to the wuness.) T thought I understood you to =ay thut the first part oi’ the shivetine
that, m yom mind,.gave way was the lug >—The first pait of the pier that gave way,

" 19,3853, Them that fractwie of the Ings wns not due to any sheenng action theie *—Thero 15 a confusion
.in texms,  The sheenug action is, 1 fact, tho luteral action carried down to the bge

19,386.. I um speaking of the sctual fracture of the lug itself, which I unilerstood you to say was the
.part whiehi, 1n yéur opinion, firet gave way: there was no sheering action there, was there P—That wus the
result of what is called in engineering sheering action,

'r2. 19,887 Wasitmot 3n fret o direet poll that fractured that P—Yor, 1t was

- =19,888 That is differert fiom what is usually understood o be u sheering aenon 2—It 15 the sheer INg vver
“of the whole pier that I am gpeaking of, not the shecring nction on the lug. I am speaking of the Jateral
force which 13 unifornuly 1esisted 1 every pier from top to bottomi, nnd which 15 transferied to a tensile
train on the ties. It w an engineering difkculty.

19,389. (The Commussioner.) If the luge had becn stronger than the tics, perhaps this aceident rmght not
have occurred ?—I canvot eay tirat. I think the forco was great enough (1t my view was correct that the
train left tho linc) to have done & great deal more damage thun destroying tho pier.

19,390. But at any mte 1t would havo heen an element of security, if the Jugs had been stronger P—Or course
there is always a weakest point i every siructure.

19,391, And that you consider to have been the wenkest point >—I think so.
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on the piers left standing at the two extremities, namely Piers 28 and 41; where
the lugs-on the sides, facing the fallen girders, were almost all broken, and the ties,
which had held the two 15-inch columms together, were hanging loosely from their

ends.

(86.) Thirdly, as regards the train. This consisted of the engine and tender, a third-
class carriage, then a firat-clags, then two third-class, then & second-class, and lastly
the guard’s van. Of these the engine, the tender, and ;the four first carmages were
found 1n the fifth or last span of the first section of the high girders, whilst the
socond~class carriage and the guard’s van were in the fourth, but close to 1ts junction
with the fifth span. The engine and tender were on their sides, as well as the last
carriage and the guard’s van; but the four intermediate carriages were standing
upright on their wheels, having, it is supposed, been floated after the accident by the

air enclosed by the roofs.

The travn,

Causes assigned for the Casualty,

o (3_7'.-)" The next question to be considered was, to what causes the fall of the
- ~bridge was to be attributed.

(88.) And first it may he well to state what are the views entertained by those most gy, /e
deeply interested m the case, the company, the engineer, and the persons chiefly con- pasnes
cerned in building the bridge. It seemed to us that these gentlemen had a right to rutercsted.
have their views fully and clearly stated, and their arguments carefully weighed and
considered, for none could know better than they the nature and character of the

gtructure.

(39.) We accordingly addressed a letter to the company, asking them to what causes Company’s

they-attributed the fall of the bndge; and n reply we were informed in a letter dated wews.
. ‘the 12th of March last that, * apart from the overpowering violence of the wind.”

“they were ‘““not yet aware of any circumstances which in themselves would account

for the disaster.” Up to this time, then, the company were under the impression

that the fall of the bridge was due to the violence of the wind alone; and this was

the conclusion, to which they had come, more than two months after the casualty
had occurred, during which time they must have obtained full knowledge of all the
facts, and have had ample opportunities of conferring with Sir Thomas Bouch, and

the engineers and officers of the line.

(40.) On the 22nd of April following Mr. Grothe, the resident engineer and manager Mr. Grothe's
for the contractors during the whole of the operations, was examined, and on bemg 7"
.agsked what in his opinion had caused the fall of the bridge, he stated that in all

robability, when the tram was on span 32, the end of the girder at the expansion
" Joint over -pier 33 had been lifted off its bearings, and having been blown .off the to
- .of the pier, it had come down smashing the %ier below 1t. Hverything, he said, pointeg

to what he:had *“heard called a simple smash, something falling from the top, and in
its fall crushing everything below 1t;"” and that this would have happened, “no
“ matter what that pier had been made of, if it had been made of steel from top
“ to bottom.” It is not very easy to follow Mr. Grothe’s reasonmng; but what we
understood him to say was, that the accident was not due to any want of strength
in the piers or their fastenings, but to the end of the girder at the expansion
jomt-having been blown off the top of the pier, and to its them coming down
. smashing - everything below it. But it might be said in reply that, before this could
“"have happéned, the permanent way must have been fractured at that pomnt, the
-pérmanent’ way being continuous, although’ the girders are disconnected at the
-expansion joints; and that there is nothing to show that the permanent way. had
"been - broken ‘at any of the expansion joints. Moreover, if the bridge had fallen 1n
the way he supposes, by the end of the girder being blown off the pier at the
expansion joint, and coming down, smashing the pier below it, we should naturally
expect to find it, if not om, at all events near the base of the piers; but, instead of
this, it is at & considerable distance from the base of the piers, in one place no less than
51 feet from it. All, however, that we need say about Mr. Grothe’s theory is,
that it seemed not to have found much favour with any of the witnesses who followed
him; for none of them were propared to support it.
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(41.) Mr. Grothe, as I have said, gave his evidence on the 22nd April; and on
the 30th of- the same month we %\twe a new theory set up. On that day Sir
Thomas Bouch was examined, and 1n answer to a question put by Mr. Bidder,
what in his opinion caused the fall of the bridge, Sir Thomas replied (Q. 16,798) :
““ Well, I have thought a great deal about it very anxiously, and my own opinion is
“ fixed now ; that 1t was caused hy the capsizing of one of the last, or the two last
“ carmages, that is to say, the second-class carriage and the ven; that they canted
‘“ over agenst the Eirder.” Sir Thomas was subsequently asked by the court to
‘explam more fully what he meant, and he then gave the following evidence :—

17,186. ( The Commussioner,) You have told us that you thizk the cause of the accident wns the tiamn
coming nto colliston with the guder, with these ties, I suppose ?—Yes, I think 1t was caused by thcse
two things,—eorming into collison with the ties and bemng capaized by the wind.

17,187. You do nmot mean that 1t came mto collsion with the boom , you mean that it vame nto collimo
with one of these ties 7—Yes, 1 think so, with one of the girder ties

17,189 Do you think that the mero bresking ol uny one of these tiea of the girder would bo sufficien
to bring 1t-down P—I do not know that the mere bicaking of any one of them would be gufficient, but ther
are geveral stiuts and ties where this second-class cairinge nnd the van were found, and I have had the whole
_thing surveved and made mto a plan,

-17,192. Do you think that taking awny two of these ties and struts there would be sufficrent to bring the-
bridge down ?—Most undoubtedly, with that wind,

17,195. Put the wind amde. Do you thmk that the hreaking away of two of those ties and struts would
be sufficient to biing the bridge down *—Yes.

17,194. By entting themn thiongh > Do you think that that would be sufficient to biing the hridge down ¢
—1 do,

17,195 You thiuk, therefore, thut tis biidge was so construeted thaty if oue or two of Lhese ties gave
way, the whole of the Lndge between the ngh girders would come down ?—1I think so, that s to say, 1f you

cut them
17,196, So constiucted that f one ot the othet of thesa wes gave way 7—I1 do not know as Lo one, but

certainly 1wo
17,197. If two of them cumne dowu, the whole length of the bridge between the ligh girdeis would come
down P—Of couize the mnder coming down ~ends the pier down, and they nll go one afler the other like.

(42.) Sir Thomas Bouch gave his enidence on the 30th April and the 3rd of May,
and on the 5th an entirely new theory 1s started. On that day Dr. Pole, a gentleman
of considerable scientific attainments, who has throughout these proceedings been Sir
Thomas Bouch's confidential adviser, having been present and heard all the evidence
given at Westminster, was examined, and on being asked by Mr. Bidder, ** What wonld
“ you say was more probable as being the exphecable cause of what happened to
* the Tay Bridge ?" he rephed : —

18,607, As I cannot think that a staucsl torce would have broken down the hudge,—any staticat force that,
as far as I kuow, could come upon 1t,—I think the rupture must have been caused by the superaddition to the
statical force slready existng of something lihe & shock of some kind  The hridge had been already straincd
considerably by the wind, as nobody dentes; apd 1f [ am mght 1 being unable to find any statical foree
that was sufficient to ruptuic i, 1 can only conclude that there must bave been something super-added, and the
moyt reasonable supposiion to my mind)s that thet something should have heen in the nature of a shock,
and I am led in a great measute to think that this 16 rendered probuble by the fact which struck me at the
very first moment I looked at tbe bridge, and that is, that 1t 15 slmost umversally the cast iron that bas gone,
and not the wrought irou. I do not know the details, hut the fact impressed iself very strongly upon my
mnd, that 1o all cases these ties have broken hy a rupture of the cast iron and not by any fracture of the tics
themselves, and since we know that cast von gives way so wuch more read-ly under shocks than wrought
iron, and will Tesist staticsl pressure very well, it oceurred to me, as an explanation worthy of consideration,
whether there might not have been & shock 1n addiion to the statical strain which broke these Ings

(43.) That the theory set up by Dr. Pole was really quite different from that started
by Sir Thomas Bouch 18 clear from the answers, which he gave to the following
questions, put to him by Mr. Bidder:—

- - 18,746:% Mylearnéd-friend nsked you your opinion as 1o whethes the second-claes carriage,.if projected agaiost
<the-legward’ il der;would- break two struts, and yon said that you doubted whether 1t would break them altogether
away ;-bit 1n-your-obseriations se regards the impact of those carrisges as s sbock upon the hridge, you did
Dot necessanily assime that the struts were destioyed, did you *~—Ob, no, 1 rather based my IE:a of the
ghack on the expenditurc of tis teva 1o o lateral directron on the custern girders, and I did not attach
much weight to the possbility of the traun breaking down the girders, I do not think we have evidence that it
43 the girdeis that gave way. 1 would rather incline to the opinon that it was the pier that gave way. 1do
M. o think there 1a any evidence to show that the girder gave way fiist. Of course the destruction of two struts
the girder would caunee 1t {0 give way , but% do pot think there 1z evidence thet that took place, and I
besed my opmion that tbe carrisges m getting off’ the line might have caused the destruction of the'bnd-e
rather upon the expenditure of the vis viva n a lateral direction on the emstern girder by rhe forable contact
of the two carmages w thet direction. That is sufficent 1n my mind to account for the destruction of the
pier, and at the same time it does not 1nvolve the previons destruction of the girder.

I



. 18,747, (Colonel. Volland.) Transmitting the effect into the columns of the piers >—Tranamitting the effects
“intp the columns-of the piers. The vis viva must have been extingnished, and if a considerable poition of
‘it was diverted againét tho cestword girder, I do not nec how we con evade the conclusion that it must have
acted upon the prer,1n addition to end in the eame duection as the stram alicwly exasting from the wind.
That wes the last stiaw (u vely heavy straw), wlich may have cansed I think, the fiacture of thete tiex I

do not go further than that.
18,748, Then, nt any rate, I undeistand that 1n whatever way these cuuses operated, the effect of them,

and the first abeolutely fatal effeet upon the bridge, was the breskage of one of the columps of the prer *—The
breaknge of the tie. I do not tlunk the columng would go firsl I sad, s answar to M. Trayner, that 1
considered thie tho weakest part of the struetvro (powfing o out), and 1 consider that (his wonld be the fist
thing togo -

llﬁ'T‘ng.' Do you think that the shock of a tiam-on tius part of the pnder, which dil not destroy the ginder,
would be capublo of mmparting such action to that lower tie os to destioy it 7=Yes, i it was transmitted
agamnst the castwaid side, beeause it would eertmnly then be tian~mittcd through the castward girdets, and to

the prers upon which the guiders rested,
18,730, (Mr. Ihelder)) Any latersl pressure, o any lateral blow upon the gurder, must vlitimately, must i wot,

be transmitted obsolntely undimmmished to the lowest pier 7—Yes, it must be »0, the cmount of L e 15 s
lwi ge,

(44.) Without accepting Mr. Bidder’s somewhat doubtful theory that any lateral pres-
gure, ‘“ or any lateral blow upon the girder, must ultamately be transmtted whofutely
undiminished -t0, the lowest pier,” it 18 clear that, what Dr. Pole means, 1s, that the
‘cast-iron -lugs broke, 1 consequence of the shock given by the carages commg
ags:linst the leeward girder, and that the columnns being thus left unsupported, the
bridge fell.

(4%.) On the following day. the 6th of May, Mr. Stewart, a mathematician and an
engineer, who had assisted S Thomas Bouch in desigmug the bridge, and who,
like Dr, Pole, bad been present and advising Sir Thomas Bouch throughout the pro-
ceedings, was exammed, and he agreed with Dr. Polo as to the causes, whteh had led

to the fall of the bridge He was then asked—

19,003, And generally do you agree with his evidence, und lis apimon, thut it requnel sumething more
than nny statical wind pressuie, that yeu could have oapectedt to come npon the buidge, to have caused what
happened on the night of the 28th Deermber —Yes, [ do.

15,04, Do you also agree with hum that the <hock of two of the cannmges gomg at the tate of 235 miles
an- hour, 1f they came into collicion with the girder, supetimposed upon all the normal otrams upon the budge,

would ‘be yufficient to cause a fuilure *—Certanly

(46.) Mr. Stewart having stated that * the pier gave way, not from a moment of
force, but from a sheering action,” he was asked by Mr. Barlow—

19,349. You scem very posiive thut it was n shecting action ; will you tell us why you think it gave way
from a sheenng achion ?—1 tlink 1t gave way trom u sheeting uction from exammation of the bindge, I saw
ity sl us Di. Pole very distinctly explained, 1 wleve the ties wete the first thing to grve way.

19,350. Tho lower ties °—-I cannot tell which of them.

19,351. The lower ties wonld he more strained i proportion to thew sticugth, would they not /—They would

be somewhat more struned.

(47.) He was then asked by the court—

19,368. (The Comnmssioner.) As I understand you, you say yon believe that the casualty was due te &
-sheering action eaused by the preat pressure of the wind *—Yes

19,369. -And acting ultimately upon the ties aud breakiug the ties, aud then lemving the columns wusup-
ported, na 1t were >—Dreaking first the Lies, aud then the columns would be very wenk, aud would go over.

19.370. As 1t hns been dcscribed, as u paw of rulers —7Yes.

(48.) Here, Mr. Stewart, in speaking of the ties, evidently meant the cast-iron lugs,
for ho was asked —

19,384, {Colonel Yolland to the wuness.) T thought I understood you to =ay thut the first part oi’ the shivetine
that, m yom mind,.gave way was the lug >—The first pait of the pier that gave way,

" 19,3853, Them that fractwie of the Ings wns not due to any sheenng action theie *—Thero 15 a confusion
.in texms,  The sheenug action is, 1 fact, tho luteral action carried down to the bge

19,386.. I um speaking of the sctual fracture of the lug itself, which I unilerstood you to say was the
.part whiehi, 1n yéur opinion, firet gave way: there was no sheering action there, was there P—That wus the
result of what is called in engineering sheering action,

'r2. 19,887 Wasitmot 3n fret o direet poll that fractured that P—Yor, 1t was

- =19,888 That is differert fiom what is usually understood o be u sheering aenon 2—It 15 the sheer INg vver
“of the whole pier that I am gpeaking of, not the shecring nction on the lug. I am speaking of the Jateral
force which 13 unifornuly 1esisted 1 every pier from top to bottomi, nnd which 15 transferied to a tensile
train on the ties. It w an engineering difkculty.

19,389. (The Commussioner.) If the luge had becn stronger than the tics, perhaps this aceident rmght not
have occurred ?—I canvot eay tirat. I think the forco was great enough (1t my view was correct that the
train left tho linc) to have done & great deal more damage thun destroying tho pier.

19,390. But at any mte 1t would havo heen an element of security, if the Jugs had been stronger P—Or course
there is always a weakest point i every siructure.

19,391, And that you consider to have been the wenkest point >—I think so.
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(49.) -On the same day Mr. Benjarmn Baker, an engineer of considerable emmence,
was examined, and he concurred generally with Dr Pole and Mr. Stewart, that it was
the lugs which first gave way; and in answer to gquestions put to him by Mr. Bidder,
said—

19,433 You noticed, 1 thimk, when you were there, what has been referred to by A good many witnesses,
vz, that the east-iron lugs are mostly bioken 7—Ye»

19,434 Dioes that mive anv indication to yout und as to the uature of the falnre >—I rhink 1t indicates
pretty clenrly that the weak pent was in the lugs.  The Ings fmled first, nnd they would be peculinsly liable to
tul by 1cason of & sbock.  We know that the shghtest shock wonld hreak a lug, of conrae.

19,435 CGaven cast ond wiought sron of appioxunately equal tensile strength, the cast non would be the
tn =l to fml inder a shock, would it not >-—Yes, of coutse.

(50.) And then he 1s asked—

19,194 Yon, I beheve, have bad the oppor tumty, have vou not, of seeing the mamkings on the girders and
the other mntter~ upon which evidence has heen gaven, &0 thul you me able (¢ form an opinton as to whether
they weie don: by the overtutoing of the carriames o pot, bhut wsumpg ss n watter of fact that the two
Inst carringes of thie timn mowrg at, say, 23 ntles nn hour, lid overturn and 1un wto the leeward givder,
would the sudden mite~tment of tbenr momentum, w additon to the normal sirains caured by the atorm upon
the biidze, in yonr judement be n ~hoek sufficient to neco int for the failure of the biulge ~~1 do not think that
would have hurt the girders atall, but I can imagioe that in w very high state of tension the lugs would at
thut hme. with then pecular halubty to fadl. with a compnaratinely alight jar, very probably fmil with o very
rhight shock

19,495, (The Commissioner ) You think the Ings would funl from the tansmitted hock *—Yes, certanly.
I can ensily imagine that the blow wes transnutted to the botlom of the pier, in the same way that a man falling
on his forehead fractmes bis skull  The shock 10 my opinion, wonld not hurt the girders

(51.) Mr. Baker then, in answer to questions put to him by Colonel Yolland, gives
the following evidence : he 18 asked- -

19.570 Supposing, for matance. you hud placed vourself at the centic of one of these 245 feet spans, awl
vt the (wo cential lattiee bars i two, do vou nnagine that the bridge would have come down ?—Ceriainly
not. Within the last twelve months [ had to tighten up the centic disgonals of a bridge of about this span,
which were perfectly ~lack

19.571. Would you go w tm av 10 say that if you eut the two centre latlwe hurs 1 cach girder, that
wonld ot bring ot down >—That would nat bring 1wt down I will tel yvou what ] have done. I have
1un ovel & xirder upod an engine with every onc of the web yointa unniveted 1 ¢hd not know 1t at the time,

(52.) It 1s needless to say that 1o have *every one of the web jownts unriveted " 15 a
very different thing from having two of the lattice ties and struts cut.
(53.) Lastly, he was asked by Mr. Barlow—

19,572. You have told ns that you attnibuie the coming down of the viaduct to the giving wayof n lug , but
what made the lug give way . wes 1t undue presante of the wind, or do you atirnibute it to a s{ock or jar *—
I thiuk nat undue preasure of wind vlone, because my opimon 19 that, taking the strength ot the bridge upon
the basts of M Kirkaldy " experinients, there waus n [actor of sufety of between 2 and 3, aod theiefore I think
thete wns a pretty sevele strain upen the lug, and then there wns some jat.

19,573 Such n« would be occnsroned by what >—It night be occastoned, ns han been euggested, by the

t1amn stuaking the girder.
19,574, ( The Commassioner 3y 011t mighbt have been fiom defective work ?—It might be from a thousand

- thing~

(54.) It will thus be seen that according to those most nearly concerned m building
the biudge, and their advisers. two, and only two forces are alleged to have caused its

-fall. namely, the wind, which all admit was a prime factor in bringing about the aceadent,

and the shock by the tran striking agamst the girder. It may be well, therefore, to
sec what evidence there 1s that the tram ever did strike the leeward girder before the
bruge began to fall ; and, if 1t did, whether 1t 1n any way contmbuted to the accident.

Thd the Train strike the Goder ¢

{55.). The theory, that the train contributed to the fall of the bridge, proceeds of
course on the assumption that the southern section of the high girders, in which the

-tram-was found, fell first. If the northern or the middle section fell first, the tilting of

the train agamst the girder, even if it did take place, could not have been the cause

~of the fall of the bridgo. If indeed we could ascertamn with certainty in what direc-

tions the rails at the expansion joints over prers 33 and 37 were bent, we should
know of course, which section fell first; for if we found the rails at the southern ends
of the middleand northern sections pulled over to the east, we might safely conclude
that the southern section had gone first; on the other hand, if the rails at the northern
ends of the middle and southern sections had been pulled over to the east, we should
know that the northern section must have gone first. We therefore directed that an
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attémpt should be made to roise the girders at these two points, and that photographs
thereof should;be teken and sent to us. Unfortunately, however, the ends of the
girders -at these two expansion joints were found to have been so much broken up,
that. it -was not possible to determine the question with certainty. Only one piece
was raised 1n a tolerably perfect state, the northern end of the middle section at the
expansion joint over pier 37; and from the photographs, which have been sent to
us, the rails there certainly appear to have been wrenched to the eastward, thus
-favouring, a8 far as 1t goes, the 1dea that the northern section of the high girders fell
firat.

(56.) The evidence of the eye-witnesses of the occurrence was also not quite conclusive
on the point First there was Mr. Alexander Maxwell, yunior, who told us thut, when
the bridge fell, he saw three distinct flashes, and that these secmed to be travelling from
the south to the north, as though the southern section had fallen first, dragging
the other two 1n succession after ii. On the other hand, there was a Mr. Wilham
Abercrombie Clark, who saw the accident from very nearly the same spot that Mr.
Maxwell saw 1t, and who 2lso speaks to three flaghes, but he says that they were all at.
the extreme north end of the girders Next we have Mr, Wilham Robertson, an
engineer, and ex-Provost of Dundee, who told us that he saw *“ two columns of spray,
‘brilliantly illuminated,” somewhere between the summit of the bridge and the north
end of the high girders, and consequently at the northern section. Lastly, we have
the evidence of Mr. Peter Barron, a carriage inspector i the employ of the Caledonian
" Railway-Company. who told us that he saw the lights of the train on the ‘- southernmost
part of the high girders;” and that, when they were some two or three spans from
the southern éud of the girders, he observed a portion of the girder at about ouwe or
two spans from the north end go down, then shortly after another portion fell, and
then the lights disappeared. f, indeed, this gentleman’s cvidence 18 to be relied
on, it is clear that the northern section fell first, then the middle, and last of all the
southern section with the train upon 1it.

(57.) Other circumstances also seem to favour the conclusion that the northern
section fell firat; for instance, all the sections, as we learn from Mr. Law, appear to be
set about 18 inches over to the north shore, and the coluinns also for the most part
incline 1n that direction. as though the fall had been 1n that direction. There 13
also a Tact connected with the speed of the trawns and the gradients of the bmdge.
to-which we shall presently have to refer, and which seems to point in that direction.
And if 1t really was the case that the uorthern section went first, there is an end of
these . gentlemen’s theories that the fall of the bridge was m any way duo to the tram
having struck the leeward girder.

~ (58.) It was 8aid, however, that there are marks on the girder which show that the
train struck the leeward girder before the bridge began to fall. It seems that Mr.
Thomas Napier”Armut, who has been employed under Sir Thomas Bouch’s instructions
to raise the fallen girders, having discovered certain marks or scoriugs on one of the
lattice bars of the leeward girder, Mr. Charles Meik, Sir Thomas Bouclh’s assistant,
was sent down to Dundee to examine and make a sketch of them ; and this sketch was
brought in by hun during the progress of the mgury. Subsequently other lattice
bars with simlar marks and scorings upon them having been discovered, Sir Thomas
-Bouch comstructed. a plan, which he has forwarded to us 1 a letter dated the 27th
‘May ultimo, after the conclusion of the examinations, and which he says confirms his
theory “ that at least the gmard’s van and the second-class carmage next 1t had been m
“ contact with the east girder, before the bridge fell.” The plan shows a number of
marks or scorings on the 1nside of eight consecutive lattice bars, which we are told
formed l&z‘art of -the leeward girder immediately in the rear of where the train was
found. The marks or scorings are parallel, and cover about a foot of each lattice bar,
the lowest-being. about 1] feet and the highest about 12 feet above the line of the
“Taily. —fW_é.j_mg?e{told, however, by Mr. Dugald Drummond, the locomotive supermten-
dent of -the -company, that the top of the second-class carriage, by which these marks
‘aré--supposed:to* have been made, would be, as nearly as possible, 10 feet above the
‘rails; 86 that it-is-somewhat difficult to understand, how 1t could, when the bridge was
upright, by bemng tilted against the girder, as 18 suggested, have made these marks
-OT georings at a ‘height of from 11 to 12 feet zbove the rails. Moreover, to make
these marks upon eight consecutive lattice bars, the carriage must have passed over
t!xree bay_s or fopénmgs, each more than 25 feet wide; and if the carriage was at the
time leaning:with any force against the girder, we are at a loss to understand why,
seeing that it:was.orly 22 feet long, it did not fall through one of these openings; and
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-if it was not leaning against the girder with any foree, it is equally difficult to
' : understand-how- it could have contributed to overthrow the bridge.
Coudd the (59.) Biit supposing that the second-class carriage and guard’s van did tilt, as is
alang.of  guggested, agminst the leeward girder, 13 there any reason to suppose that it could
formede . have done 1t any harm? We were told by Mr. Dugald Drummond (Q. 18,183) that
‘awy harm?  the second-class carringe was a very light carmage, very Lightly constructed, and that
~ 77 it'was m fact the only light carriage *‘in construction, and of 1tself, that there was
~* in the train.” To suppose then that the top of such a carriage could have done so
much injury. to the bridge. as to have caused more than 1,000 yards of it to fall, seems :
in the highest-degree improbable; we are rather disposed to concur with some of- the
wituésses, who thought that 1t would have “ gone off Lhke match-wood,” without doing
the shightest injury to the girder.
“Chavatter oy {(60) And after all, what 18 the character of these marks or scorings, which we
the marks.  are told give evidence of a shock of such terrible force? Mr. Armit was asked by
Mr. Bidder to describe them. and s answer was (Q. 17,491),  They are black, and
“ jn passing your fiuger over them you can feel that there is more than the pamt--
“ that even- the iron bears a graze; there are hard grazes, the heads of the rivets
“ are very hardly rubbed : 1n passing your finger over you can feel a distinct hollow;
_* and over the heads of the rivets there has been a very hard graze indeed.” Mr.
- Meik's-eridence was to the same effect; on being asked by Colonel Yolland, (Q. 17,341),
“ Are these scorings that vou speak of indents in the iron ?” e answered, *“ Not exactly
* indents; the paint is all seratched off. There are some scratches in the iron too, but
“ they are not deep.” —(Q 17,342 ) * A thirty-second part of an inch, or a sixty-fourth
“ part of an inch P—1I did not measure thein, but they are very shght.” Tt is certainly
inconceivable that a blow, which was hardly more than sufficient to take the paint off,
and whiell. Mr."Meik. a ciril engineer and a very competent witness, was not propared
to say had “scratched the iwron to the depth of one sixty-fourth of an inch, and which he
deseribed: as * very shght,” should have produced such results. It seems 1o us that
these marks_or scorings could hardly have been made, before the bridge had begun to
fall ; and that cven if they had been, they were not sufficient to have caused the fall of
the bridge. - It scems more probable that they were made by the train, after the-bridge
" had’begun to fall over, when the train would necessarily be thrown upon the leeward
-girder, and not having vet lost all 1ts forward motion, 1t would not unnaturally make

such marks.as we see.

Other | (G1.) It:ivas, indeed, suggested that there were other marks lower down, whieh
reasons might have been made by the frame of the carriage, wlueh 18 ‘much stronger than tho
conndeie s\ pper part of it; and our attention was called to a photograph of the second-class
- carriage, which showed the after buffer on the west side to have been much injured;

‘ and 1t was suggested that this might have been done by the guard’s van, when the
L second-class carriage was brought up by the fore part of the frame striking the lattice
‘ bar. But if so, the fore part of the frame, where 1t is supposed to have come agawnst
oL the lattice bar, should have shown marks of the collision, but it seems from the
photographs to be quite uninjured. There is therefore no reason to think that the
frame of thé-carmage ever came n contact with the girder, at all events before the
~ bridge ‘began 10 fal%.

U State’of (62,) There'is also the fact that, when the engine was found after the casualty, the
__u:gz:::;-;vﬁm throttle valve:was full open, the reversing lever “standing in the smxth notch from
’ i “ full forward gear, or in the third notch from centre” Now, »f any part of the

train had left the line or been tilted over agamst the leeward girder, as is suggested,
before the ‘bridge began to tall, there can be little doubt that the engine-driver
would have séen it, and have at once reversed the engine full speed, so as to bring
the train.to rest-as soon as possible; and the fact that he had not done so, strongly

- - confirms .us. m:the opinion that the train ‘must have been in position on the rails, when
.o - the-bndpe-first-began to give way.
N _ - (63,) The' suggestion then that the trein struck the leeward girder, before the

. "_bridge: egan' to fall, and that even if it did, 1t would have contributed to 1ts fall,
" 2being: m our opmion disproved, the next question to be considered 18 whether the
~ accident can-fairly be attributed to the violence of the gale alone.

Wind Pressures,

& aD,:dfqu (64.) In a paper prepared by Dr. Pole and Mr. Stewart, at the mstance of Sir
-7 and-d ’l - - Thomas Bouch, which will be found in the Appendix, and 1n which the stabihity of the
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bridge and its capacity to resist the pressures, which might be brought upon 1t, are
very fully: discussed, we are told that ‘the ordinary source, from which estimates of
% the force of the wind have been usually taken, is the well-known table presented
“ by Smeaton to the Royal Society in 1759, which gives a pressure per square foof
“ of 6 1bs. for high winds, 8 or 9 lbs. for very high wmds, and 12 lbs. for i storm
“ or tempest. There are,” thcy say, “still hgher figures for great storuws or
“ hurricanes, but 1t is stated that these are of doubtful authomty, and only apply
“ to tropical meteorology.” They then proceed as follows: ** Refurrmg to the
« authentic records of wind pressure gauges in the heaviest storms that have oecurred
“ for many years, it has been found that upon very hmted surfaces, and for very
« lifmted times, the pressure of the wind does amount sowectimes to 40 1hs  per
“ gquare foot, or in é)cotlnnd probably to more  But the best anthonties, who
“ have studied these gauges, have arrived at a coufident opmion that such lugh
“ pressures are only momentary, arismg from some nregular whulings ot the an,
« which extend to no great distance. And 1f it 15 conswlured as a practical mateey
“ what a lateral pressure of 40 1bs per square foot really means, and what cffect 1t
“ must produce, common experience must render 1t very doubtful whether any such
“ pressure can be sustained by objects ordmanly exposed to the wind’s action ™
For these reasons, they say, * in desigung the brnidge, a maxnnum wmid pressure was
- agguined, @cting over the surfauce of a span and pier, equal to about 20 Ibs per
¢ gquare foot, (bemng more than double what Smeaton allowed for a very Ingh wind ;)
« and the dimensions were calculated for this pressure with the nsuwal margm of
“ gafety.”

65.)y81r Thomas Bouch indeed did not endorse the statement of Dr. Pole and
Mr. Stewart that *‘1n designing the bridge, a maximum wind pressurc was asaimed,
* acting over the surface of a span and pier, equal to about 201bs. per square
“ foot; " for he told us in answer to questions put by Mr Trayner and by the Court
(Q 16,939 and 16,940) that i desigming the bradgo he had not made any allowance for
wind pressure “ specially.” What mndeed Sir Thomas Boueh's opmion wus, as to the
maximnm wind pressure, when he designed the Tay Bridge. we do uot know, We are
told, however, that on the occasion of Sir Thomas having designed a brudge to cross
the Firth of Forth, the Astronomer Royal was apphed to for mformation as to the
,amount of wind pressure, for which allowanee should be made; and 1n reply the
Astronomer Royal stated, 1n a letter dated the 9th of April 1873, that, although “upon
“¢ very limited surfaces, and for very limted times, the pressure of the wind does
* gmount sometimes to 401bs. per square foot, or m Scotland probably to more,” yvet
that, looking at the character of that bridge, which was a suspension bridge with two
spans of 1,600 feet each, the greatest amount of pressure, to which 16 would probably
be subjected on 1ts whole extent, would, in s opimion, not be ore than 101bs per
square foot. S Thomas Bouch told us that, after the receipt of that Report, he had
a * different 1dea of the force of the wind” It s, however, to be observed that that
Report 18 dated Aprl 1873, nearly two years after the contract with Messrs. De Bergue
for the building of the Tay Bridge had been signed, so that, although 1t may have had
somo nfluence on s imnd, when he was altering lus plans, 1t could have had none,
when he was designing the bridge.
_ (66.) Mr. Baker, again, who seems to have devoted much time and attention to the
subject of wind pressures, and who 18 also a civil engincer of emmence, told us that for
the last 15 years he had (Q. 19,480) ““looked very carefully for evidence of any structure
““ capable of standing an umform pressure of 20 lbs. per square foot which had been
“ blown down,” and that he had never found a single instance: (Q. 19,487) that there
were hundreds of buildings i this country. that would be blown down with a pressure
of 201bs. to the square foot, and miles of wall on the edges of ehffs and on open
downs, which would be blown down with a pressure of even 131bs., and which gad
remained standing for 30 and 40 years; and that in his opinion the pressurc over one
gpan of the high girders could hardly have excceded 15 1bs. per square foot, and he
ridiculed:as mere idle talk the idea of *a wind pressure of 401lbs. or anything hke 1t.”
" (67.):Now ‘1t appeared to us that, in order to arrive at a correct judgment as to
whether thé violence of the wind alone could have overthrown this bridge, 1t would be
-well 1o obtain the best information as to the greatest known pressure of the wind, and
to see how far 1t agreed with the opmions which had leen expressed by Sir Thomas
Bouch, Mr. Baker, Dr. Pole and Mr. Stewart. We accordingly appled to the
Astronomer Royal, to Professor Stokes, of Cambridge, and to Mr. R. H. Scott, of the
Meteorological Office, who kindly attended, and gave us some very valuable ami
interesting evidence on the subject.
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(68.) According to Professor Stokes, who has giver much attention to the subject of
the motion of fluids, more perhaps than any person 1n this country, there are two
measures of wind pressure, which it 18 most important to distinguish, but which are
very frequently confounded, and that verv serious errors frequently result therefrom.
One of these pressures is that, which would be measured by the height of a column of
fluid in an nverted syphon tube, the mouth of which is exposed to the direct action of
the wind ; this he called the “ standard pressure.” The other is the pressure on & plate,
which can be measured by an Osler's anemometer; what, he said, happens in this case
is that * the air in passing the edge breaks into eddies, which, mixing’ with:the:still-air-
behind, drag.1t along,” producing a partial vacuum behind the plate. “He told us: that- |
it had been found from cxperiment that the pressure on a plate is much greater than
the ** standard pressure,” measured hydrostatically ; according to Sir Henry Jumes it is
100 per cent greater, but Professor Stokes thinks that it would be safer, on an average
of the best authonties, to take 1t at 80 per cent.

(69) Professor Stokes, however, told us that it 18 much more commou to measure -
the force of the wind by its velocity, and that this is done by a Robinson’s cup
aneinometer, which registors the number of revolutions, which the cups make round an
aX1§ 1n a given time. “He said that the usual practice was to allow a factor of 3 for the
relation of the velocity of the cups to that of the wind, but that he thought that we
ghould not Le far wrong if we took 1t at 2'4. This would no doubt give a somewhat
lower speed for the wind than that usually recorded at observatories and stations; but
even with this reduction he thought that there wes no doubt that veloeities of 100
miles an hour were not unfrequently attained, more especially 1n gusts

(70} It becomes. therefore, very important to translate velocity mnto pressure, or m
other words to ascertain the relation subsisting between the velocity and pressure of the
wind. Now Professor Stokes told us that it had been found by experimeni that o
velocaity of 20 mles an hour gives a standard pressure of 1 lb. per square foot,
that he had calculated what 1t would be by theory, and that the results were almost
exactly the same, And as the pressure varies with the square of the velocity.if n
velocity of ‘20" miles an hour gives a standard pressure of 1 lb. per square foot, a

--velomt_.'v of 80 miles an Lour would give three times three or 9lbs., and a velocity of

Duration:
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100 miles .an hour of five times five or 25 lbs. per square foot. This, however,
would be thé: standard pressure. Adding, therefore, 80 per cent. we get the pressure
on a plate for a velocity of 60 miles to be 162 lbs., and for 160 miles to be 451bs ;

_or, according to Six Honry James, 18 lbs. and 50 lba. respectivel

(71.) Professor Stokes was pressed very strongly by Mr. gldder as to whether
such wiolent gusts as these, which would produce a pressure of 50 lbs on a plate,
would not be only momentary, aud whether they would extend over more than a few
feset 1n width; but he answered (Q. 16,248) *“a very heavy gust will not be a mere
* momentary thing. though 1t will not be of any great duration ordinanly; it will
“ gometines go on for two or three minutes blowing very heavily mndeed.” And as
regards extent Professor Stokes stated that, when we hear of “a heavy gust bemng
confified to A.very narrow track,” he considered that *‘ narrow” meant having a breadth
-of a_few hundred yards, of which he said there were many instances on record.

"Heé added that there would probably be a relation between the duration and extent ol

Royal's
omnion,

a giat,.and, thus one, which had lasted for half a minute, would probably “ extend over
é-conmiderable’ space laterally.” :

(72.) This very -valuable and 1uteresting evidence of Professor Stokes as to the
force. the duration, and the extent of a gust of wind was fully confirmed by the
Astronomer-Roval; who was then asked by Sir Thomas Bouch’s counsel, how he counld
reconcile that opimon with the opimion given by him mn 1873, that the maximum

ressure over the area of onec of the spans of the Forth Bridge would probably not

* exceed 10 lbs. per square foot. Mr. Bidder contended that the term “ very himited

8paces " 1nust mean a powut or only a few feet, hut the Astronomer Royal stated that

.that was not at all his neaning, and that 1t mght mean 100 or 200 feet, or even
- moré. and- that-in his opimion you might have » maximum pressure of 40 or 50 lbs.
. over an aréa of "24) feet, the extent of one of the spans of the Tay Bridge, but that

it did not-necessantly follow that you would have the same pressure over 1,600 feet,
which was the length of one of tho spans of the Forth Bmdge. He said that the
circumstances of the two bridges were quite different, and that that had matermally
wfluenced his opimon ; that the Forth Bridge, which was a suspension bridge, might
be pushed on obe side by a high pressure, and would, when the pressure was taken
off, return to its original position, without having sustained any injury; but that it

 would be ywte different with such a bridge as the Tay Bridge, standing, as he
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described 1t, “ on high stilts,” for if once blown on one side and out of position, it
could not recover iteelf, but must come down.

(73:) Mr. Scott, indeed, seemed disposed to put the velocity of the wind even
highéer than either the Astronomer Royal or Mr. Stokes had done, taking a factor
~ of .3 instead of 24 given by Professor Stokes; and he gave instances of some very
violent storms, amongst others one that had occurred at Walmer, where for a width
of 450 feet to 700 feet 1t had carried everything before it He also told us that about
the time when this bridge fell. the velocity of the wind at Glasgow and Aberdeen,
a8 recorded by anemometers at those places, with a factor of 3, was for some minutes
little, if at all, less than 100 miles an hour, giving therefore, according to Mr Stokes,
a standard pressure of 20 lbs., or a plate pressure of about 45 lbs.

(74.) We think, therefore, after the evidence of these gentlemen, that therc can
be no reason to doubt that there may be wind pressures of 451bs. aud even 501bs
in this country; and the difference between them and Messrs. Pole, Stewart, and Baker
is probably due to the latter having taken the standard pressure instead of the pressure
on & plate; a standard pressure of 25 lbs. being. as we have seen, equivalent to a
‘plate pressure of 45 lbs. according to Professor Stokes, and of 50 1bs. according to Sir
Henry James. We may add that the practice m France appears to be to allow 55 lbs
for wind pressure, and in the United States 50 Ibs. And although there seems to be
no settled practice in England on the subject, Mr. Brunlees told us that he allowed
301bs. for wind pressure, and even Mr. Baker himself said that he allowed 281bs.

Storm of 28th Decembe: .

(75.) But although in rare and exceptional cases there may he a wind pressure of 40
and even 50 lbs., and for which, therefore, it would be proper to provide, 1t does not
at all follow that the gale of the 28th December last was a storm of that exceptional
character.

That 1t was a very violent storin can admit of no doubt, for some of the witnesses
speak of it as having been more violent than any that they had ever before experienced
on the Tay. On the other hand one gentleman, a Mr Charles Clark, living on Magdalene
Green, near the northern end of the bridge, and who has been 1n the habit of noting
snd registering the state of the weather at Dundee for the last 14 years, told us
that during that time he remembered about four storms equally violent But perhaps
"tho most reliable information as to the violence of the wind on the evening 1n question
15 to be found m the evidence of the officers of the trammg ship * Mars,” which
was at the time lymg at anchor in the Tay about three-quarters of a mile to the
cast of the bridge; and as the wind at 1ts height was blowing nearly straight
down the river, 1t may reasonably be expected that they would feel the full force
of the gale According to Captain Scott, her commander, 1t was blowing a whole
gale, with what he would call a force of 10 (12 bemng the maximum), and n the
squalls, he said, it was, perhaps, from 10 to 11. He told us, however, that he had
experienced more severe storms, even wn this couutry, and one or two ** quite equal

<> force i1n the last two or three years,” during the time that he had been stationed
~in the Tay. Captain Scott also told us that he had had a great deal of experence
1 the West Indies and the China Seas, and that durmng his career he had frequently
1egistored storms of the force of 11 to 12, very much more violent than that of the
28th of December last; as he observed, (Q. 1308) * there 1s a marked difference in the
*“ regstering, the higher you go in figures, the more marked 1s the difference; there is
‘“ a vastly greater difference between the figures 11 to 12, than therc is between the
* figures 9 and 10.” Captain Scott’s evidence was confirmed by Edward Batsworth,
the Gunnery Instructor, and by Hugh McMahon, the Seaman Instructor, on board
~the * Mars,” the two men by whom the log was kept. There was also another very
“competent witness, Admiral Dougall, who spoke of the extreme violence of the gale on
. the - night in question; and who told us that its force as compared with those
which he had encountered in the China and West Indian Seas, would be in about
thié proportion of 75 or 78 to 100, or about three-fourths of their intensity

(76.) Whilst, then, we are quite prepared to admit that it was a very wiolent storm,
there is nothing to show that it was exceptional in 1ts character, or that it had anything
like the intensity of a West Indian cyclore or a Chinese typhoon. A storm, which,
according to Captain Scott, had been equalled in its intensity by one or two others,
which had occurred during the last two or three years, and accorcﬂng to Mr. Clark, by

-u0 less than four within his own memory, ought hardly to have overthrown a bridge
within 18 months of its having been openeg, if only reasonable provision had been
g 4
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taken agai_ﬁst it: It becomes therefore important to ascertain what provision was made
against wind pressure, or, In other words, what amount -of lateral force would have
lreen required to overturn this bridge, assuming it to have been properly constructed.

Foree vequured to overturn the Bridge.
(77 ) According to Dr. Pole and Mr. Stewart, assuming the bridge to have been pro-

~ perly constructed n all respects, it would have required, 1f not held down at 1ts base,

a lateral force of 34} 1bs. to the square” foot, applied at right angles to its direction,
to have overturned 1t ; and with helding-down bolts, from 60 lbs. to 70 1bs. According
to Mr Law.a force of a httle under 33 lbs. would have been sufficient to overturn
it without holding-down bolte; and with holding-down bolts, rather more than 64 lbs,

" Thesc estimates, 1t will he seen. do not differ very much, and it may therefore ho

fairly assmined that, 1f the brdge had been properly constructed, and 1n accordance
with the plans and specfications, 1t would. have required a foree of from 601bs. to
701be applied directly at 11ght angles to have overthrown it

(78.) We-can see now why 1t was that Sir Thomas Bouch’s Counsel was so anxious
to show that the maximum wmmd pressure over the area of oune of these spans must
have heen so small, and that the term * very himted surfaces” nust have meant a
_pomt,.or-at the most ouly a few feet. and not some hundreds of feet, which may well

“be called a* very hmited surface " compared to the whole width of the storm. For, if

the maximum wind pressure over one of these spans was only 101bs to the square foot,
and the- force required (o overthrow the hridge was from 60 1bs. to 70 1bs, we should
have had a-factor of safety of between 6 and 7, which would be a good margim; and
even 1f the waximum pressure was 201bs., there would still be a factor of safety of
over 3 On the other hand, if the wind pressure over an entire span could ever be as
much as 40 lhs. or 50 1bs., tho wargin of safety would be rndiculously small, not a half,
and the hrndge from the first would havo been quite unsafe, the usual factor of safety
we are told bemmg 4 or 3.

(79.) Assummg, however, the brdge to have heen properly constructed, and to have
heen capable-of resisting a wind pressure of 60 1bs. to 70 1bs., 1t 15 difficult to sec how
the wind alone could huve overthrown it, even 1f 1t had been at 1ts maximun of 40 lbs,
o1 even 501bs: to the square foot. It would seem therefore that we must look to
somethmg hey ond the mere wind pressure to account for 1ts fall, and this we are told
is to he found m certam fuults and defects in the construction.

Defects e the Construction.

(80.) In the course of the examinauons at Dundee. charges of a very grave and
compromnsmg character were made as to the quality of the iron, and the workmanship
ut the Wormit Foundry, which 1t was necessary to inquire into, seeing that 1t was at

- the Wormit Foundry that all the columns for the high girders were cast. And although
all.these charges were not fully established, enough has in our opinion been proved
" tozshow that there were defects wtroduced mto the strueture, which should never

have been there, and which certainly did very seriously affect its stabihity. We will

proceed to inguire what they were. and whether they are not sufficient to account
-for the aceident.

-~ (81.) And first as regards the 1ron, which was said to have been of inferior quality,
and from which we are told 1t would not be possible to obtain good castings. It seems
that the wron’-was for the most part Cleveland 1ron, sent speeially from Middlesbrough
by -Messrs.. Hopkins, Gilkes, & Co, the contractors. Liko all Cleveland iron, 1t was
more .shuggash than Seotch, and required to be rawed to a higher temperature
to piake 16-l6w treely, without which 1t would be 1mpossible to got good castings,
_particularlyan the lugs and protuberances on the columns. The result was that
At wras -uot opopular with the Scotch workmen, who were accustomed to work
.with ‘a more ductile metal, and they complained that a sufficient quantity of Scotch
werap was not mixed with it. Even Mr. Beattie, the engineer, who had for some
time the control of the foundry works at Wormit for the contractors, seems to have
thought that the mtroduction of some more Scotch scrap would have, been desirable
and suggested that this should be done, but his suggestion was not acted upon, The
result was that the 1on, although shown by Mr. Kirkaldy's tests to be fairly good in
quality, gave, owing to 1ts sluggish character and to its not bemg sufficiently heated,
o many cases very defective castings. Thus, there were not unfrequently found in
the columns, what are called “cold shuts,” caused by the metal becommg chilled,
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before it had got round the mould; so that, when the two upper edges came together,
they would not unite, but left a longitudinal fracture in the side of the columun. Scabs
also were formed by the sand of the mould becoming displaced, mixing with the
-metal, and floating to the surface, leaving an unsound place in the column, which
occasionally seems to have been filled up with lead or a material called *“ Beaumont
egg,”’ & mxture of resmn, steel filings, &c. Owing also to the flask or core of the
mould having been allowed to shift, the colnmns were trequently cast of very unerual
thickncsses. It is true that many of the columns, in which these defects existed. were
‘broken up,; some, however, were passed, and were introduced into the structure; to
what extent it 18 impossible to say, the greater part of the columus of the lugh girders
being still-at the bottom of the mver. There is, however, conelusive cvidence that sone
of ‘the fallen columns were very defective, having scabs and unsound places m them ;
and specimcens were produced showing the metal on one sde of the coluran to huve heen
occasionally only 3ths of an inch thick, while on the opposite side 1t was as much as
13ths thick. Indeed Sir Thomas Bouch admitted that thore were some of the
colmnns, which he would not have allowed to pass, had he known of thew. Under
ordinary circumstances, where there is a large margin of safety, such defocts 1 the
castings might not be very important, the margin of safety bemng mtended to cover
them ; but 1n the present case, where the margin of safety was absurdly small, they

..caniiot altogether be overlonked.

" - {82;)-But it was m the lugs inore especially that the principal defects cxisted. They

were, as- we have sald, cast with the colnmns; owing, however, to the sluggishness of
tho metal, 1t did not readily flow into the pockets or Lollows left to form the lugs
Tho consequence was that many of the lugs came out 1n an imperfect state. aud n
some cases an attempt was made to * burn on,” as it 1s called, 2 fresh Ing hy
making a mould for the purpose, und pouring 1 a sufficient quantity of molten
ron. It is obvious, howerver, that perfect cohesion between the parts could hardly be
obtained 1n this manner, for, as the metal cooled, 1t would necessanly shrink, leavmg a
space between the Ing and the flange, or between the Ilug and the shaft, and there
-was strong evidence that this was so. 'We were assured, howcver, that none of the
-columns, on-which lugs had been so burnt, were introduced into the structure; and
" that they had only becn used to rawe the girders into position, and had then heen
‘removed.

(83.) Butat was i casting the -~ holes,”” through which the boles, which held the ends
of the struts and tie bars, passed, that the greatest imistake was made. These holes were
cast 1n the lugs, and were already made, when they issued from the would. We were
told.howeverthatit 1s ahnost impossible to prevent the workmen from casting the holes
coneal, as the cores can then be more readily removed; and accordigly we find that
the holes m the lugs were for the most part, f not entirely. cast conical. The result was
that the bolts, 1nstead of having a plain surface to rest upon, as they would have had,
if the holes had been drilled or made cylindrical by rinnng, or drilling, bore ouly on
one edge, and when a strain came upon them, they would of course give, until they got

-~ g bearimg upon the sides of the hules. That this was a defect, and a very serious

szdefec, was-admitted by Sir Thomas Bouch himself 1n the following answers, which

", "be gave to the- questions put to him by the Court :—

S i7‘,-1\37. (The Commusswmer to the Witnrss). You told us alwo that the holt holes ought to lune had the

sudes as. you say, perfectly square o porallel ~—Thes vught to have been,

17,138. And if you Ll known they were not, you would have had them 1rped ar detlled ?-—I eortainly

" would. 1obubly 1 I hnd known it earher, before mnch of the Lridge was bwlt, T should have had them

squarcd—I nnght have hnd them rimed out, bat 1 would have calculated the stength of the Ing beiore I began
to tuhe the metal ont.

17,139. When yon had them cost, you could have hwl the boles cast rather smaller, and you coulil luve had
them rimed ont 2—Yes,

17,140, ‘I'iat would have been better *—"T'hat wonld have been Lerter. It 1snot o the specification. The

’ '-_Ei\;pemﬁcauon says that the bolss in the fanges ure to be didled, and 1t certainly 15 an amission 1 the <pecifi-

.- cation bo fur mx the holes 1 the lugs are concerned L ibnuk 1L was a fan ference that the holes should have
been drilled,
-~ 17.141. Surely-it_was intended tbat the leale« to contain the belts should not be conical >—Yes,
~17,142. Tt eays  “ All boltstw be made of Low Moor iron, or such other make as shall be specially sanclioned
by the.engineer, and to be neatly hnished, head aud nut, and not projecting more than § an inch through the
nuts , to ba emefully 101 ged ond aetewed, and miule to fll the bolt holes " #—Yus i
17,143, bdo I suppose theie 13 no doubt whatever, if that liad been caitied out, you would bhave bad theee
bolt holes with the sides perfectly level nud perfeetly paraliel “—Most deerdedly.
17,144, It was a defeet not to bare them so ®—1t was
17,1435, Tbe defect I understood you to be this; that the bolts would give tll they got n fawr Leanng upon
the sides of the holes >—Yes.
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quite true to size, they were made 1} inches, while the bolts which went thro

them were only 1} inches in diameter. The effect of these three things, namely,
the giving of the bolts 50 as to get & bearing on the sides of the holes, the irregularnty
of the holes in shape and position, and the holes being larger than the bolts, wes to
give a certain amount of play to the ends of the ties and struts. which held the
columns in position Moreover the conical form of the hole converted the hold on
the lug nto a wrenching strain on one side of it; so that i1t was found, under Mr.

‘Kirkaldy's tests, that, when the force was applied in the same direction as when in
~ position on the column, and by a steady pull, and without any shock, the lug was

able to bear only one third of the pressure, which it should have done according to the
amount of its sectional area

85.) Another serious defect in the construction of the bridge was n the formation
of the flange holes of the outer or 18-inch columns. It seems that the holes in the
flsnges of the mner or 15-inch columns were drilled by a machine, and they would
consequently be true to position and eyhndncal in form, When. however, they came
to make the 18-inch columns, the machine, which had been employed for drilling
the holes 1n the 15-1nch columns, would not serve for the 18-mnch columns, and it was
not thought necessary to make a machine expressly for the purpose. The consequence
was, that the flange holes of the 18-inch columns had to be cast, with the same results

.88 in -the case of the holes through the lugs, namely, that they were conical in shape,

irregular in size and posifion, and gave play to the bolts passing through them, which
thus ceased to be steadying pins to the columns, and bore upon only one edge of the
holes. According, too, to Mr, Beattie, under whose guperintendence these columns
were cast, the holes were cast 1} inches in diameter, whilst the bolts were 1} inches
(Q. 10,048) This wns the more serious, seemng that each of the 18-inch columns had
to bear not only double the superincumbent weight, that any of the 15-inch columns
had, but also the greater part of the wind pressure.

(86.) Our attention was also called to other defects in the construction; as for
instance, that the ties were secured Dy screwed bolts instead of pins. so that they
vielded with a much more moderate strain ; that the gibs and cotters were mm many
cases roughly forged. and the slotted holes for their reception were roughly formed,
which would canse a slackening of the tics by the yielding of so many %)adly fitting
surfaces; that the struts were badly fitted, and did uot abut against the columns; and
that the attachment of the L girder to the 13-inch columns was very imperfect and
mnsecure. The result of all these several defects, and especially of the play and
bending of the bolts 1n the holes, would be to loosen the ties, s0 that, when a lateral
pressure came upon the columns, they would be less capable of offering a resistance,

and would very readily get out of shape.

Supervision at the Wormat Foundry.

- (87.) And here 1t may be well to mnqure what kind of supervision was exercised
over the works at the Wormit Foundry, where these columns were cast, for it 15 diffi-
cult to understand, how the numerous defects, to which we have called atwention,
should have been allowed to pass, if there had been proper and competent persons to
superintend-the work,

(88.) And first as regards the contractors. The person, who had the chief control
of the works, on behalf of the contractors from first to last, was Mr. Grothe. Under

bhim were two chief assistant engimeers, namely, Mr. Frank Beattie, who went to

the works at the latter end of 1873, and remained there until about 12 months before
the bridge wus vpened; and Mr W. G. Camphuis, who went in August 1873, and
remaned until. October 1878, some months after the bridge had been opencd. From
July 1874 to Apml 1875, a man named Hercules Strachan was the foreman moulder;
and after "he-was dismissed and until the works were completed, Fergus Ferguson.

‘The practice seems' to have been for the columns, as soon as they came out of the

moulds, to be passed -over to the dressers to clean them and take off any excrescences;
they then went into the turner’s hands to turn the flanges, and mn the case of the
15-inch columns to drill the holes 1n them; after which, if they were considered
sufficiently sound, they were painted, and were sent off as they were needed to the
bridge. From 160 to 200 of the columns were made by Hercules Strachan, the rest
by Fergus Ferguson.

(89.) Mr. Grothe had of course the general superintendence of the works, but
according to his own account having no special knowledge of 1ronwork, the Wormt
Foundry was put under the management of Mr. Beattie, who, we are told, had
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bed experience in irenwork} -but Mr. Beattie had other duties to perform, and could
not therefore be much at the foundry; nor does he appear to have tested the
columns by hydraulic pressure or in any other way, which would have insured the
detection of any unequal castings, and any defects i the columns; he trusted to
what he could discover by looking at them externally, and tappmg them with a
hammer. When however {e left, the inspection of the foundry was entrusted to Mur.
Camphuis, who 1t is admitted had no practical or special knowledge of wonwork, and
his duties 1n connexion with the foundry were consequently * more of an admims-
trative than of a technical kind;” to use Mr. Grothe's own words, < His” (that is.
% Mr Camphuis’) «“ duties were to see to the stores, and to anything that was wanted,
- % and. to exercise as much judgment as he could 1n going over the castwgs, but he
“ wasnot a practical foundry man " The result of course was, as Mr Grothe admitted. Charye lefe
that the chief responsihility for the columns bemg turned out 1 a properly sound ‘¥4 fore:
condition, at all events after Mr. Beattie left, rested with Fergus Ferguson. the foreman /oy,
moulder. That this was a condition of things, which ought not to have existed, can
admit of no doubt whatever. It is true that Fergus Fergnson and the rest of the
workmen were paid, not by the piece, but by day work: at the same time he would
naturally be disposed to pass columms, which a more independeut person would not
have deemed sufficiently good, for the fewer columns he broke up, the greater testimony
would it be to-his skill as a workman. Mr Grothe told us that he discovered a
" - column, which had been passed to go mto the bridge, and which he ordered to he
broken up, owing to defects which he found 1n 1t. This was whilst Fergus Ferguson
was the foreman moulder, so that m that instance Fergus TFerguson must erther
have knowingly passed bad work, or have passed 1t without examining it. Practically.
therefore, there was no supervision of the works on behalf of the contractors, at all
events after Mr. Beattie left, and the answers which Mr. Camphuis gave to the questions
which were.put to him on the subject, showed how unfit he was to have the superinten-
dence of the works, and how incapable he was to have detected any defects which
might hHave existed.
(90.) What then was the superintendence exercised by Sir Thomas Bouch aund Superzison
* ~_higcagdistants over the foundry works at Wormit > So far as we can see, none what- ’fﬂh*""
. ever.. - The_person immediately under Sir Thomas Bouch was Mr. Paterson, a gentleman g,oe) and
. ‘no doubt of .large experience, but perhaps somewhat too advanced in years tor a work huw officers.
- of this kand. ge had an office at Dundee, but resided, we are told, at Perth, having
Ccertain duties connected with the ramlway station there. Under him were two
gentlemen, Mr. Ralph and Mr. Butler. Now neither of these gentlemen han heen
produced before us. Mr. Paterson, we are told, 18 paralysed, and therefore conld
not attend; but where Mr. Ralph and Mr. Butler are, we do not know. There were
also » Mr. Wemyss, who we are told i8 now in South Australin, and Mr Noble, whose
auties were confined to the brickwork and earthworks., As a fact, however, not one
" of these gentlemen, so far as we are aware, ever made it a practice to mspect the work-~
-at the Wormit Foundry, to see whether the columns were or were not properly cast,
‘or whether_ the bolt-holes, on which so much depended. were or were not cylindrieal.
- Sir Thomas .Bouch geems to have left 1t to Messre Hopkins, Gilkes, & Co. ; they left
it to Mr, Grothe, and he left 1t to Fergus Ferguson. With such supervision, or
rather we should say with the abgence of all supervision, we can hardly wonder that
- the columns were not cast so perfectly as they should have been, and that the fatal
defects in the lugs and bolt-holes should not have been pomted out
(91.) The best proof, perhaps, of the total want of any effective control and ZThickness of
superviston over the work is afforded by the contradictory statements madc by the metal w the -
witnesses as to the person, who finally decided the thickness of the metal, “which cfwmns.
was to be put into the columns. Fergus Ferguson, the foreman inoulder, told
2us that the ‘specified thickness both of the 15 and of the 18-inch columns wus
to be 1 inch,.but that he had cast them all above that, some 1} inch, some 1} inch
(Q. 8034); and on being asked by whose authorty he did it, he said, (Q. 8033a)
-“I just took it upon my own responsibility to do so I thought 1t better to give
an extra thickness than have them the other way.” When, however, Mr. Grothe
came to be exammed, he stated (Q. 13,727) that Fergus Ferguson lad not taken
1t upon his own responsbility, for that he (Mr. Grothe) had instructed lum to
- doit; he said, (Q. 13,728) « Ferguson's words would be exactly my words, because
I took it upon my responsibility for the very reason he states.” Further on he stated
(Q. 13,7315J that the first orders were that the J}5-inch columns were to have
1-inch_thickness of metal, and the 18-inch columns 1} inch; but that that:was -after-
‘wards .altered, and- orders -were given that they should all have l-inch of metal. He
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was then asked whether this applied to both descriptions of columns, and he answered,
“ Yes. I had no doubt myself that the l-inch metal would not be sufficient for that
“ column, but as the diameter of this column (pointing to the model) is larger, and as
“ the upward pressure of the metal, when 1t 1s poured into the imould, increases,
“ of course, with the size of the core, without saying anything about 1t, I told
“ PFergus Ferguson to make them 1] mch, m order to allow for any inequalty,
* which I was almost sure would take place, In consequence of tho ncrease
“ of the suze of the core.” It was stated by counsel that, when Mr., Grothe said
that he ‘“had no doubt that the l-inch metal would not be sufficient,” he meant
that lic thought that 1t would be sufficient; this may be so, although 1t hardly seems
to agree with the latter part of his answer. When. however, Sir Thomas Bouch came
to be exammned. he stated that 1t was by his orders that the 18-inch columns had
been made 1} inches thick ; and Mr. Stewart told us (speaking from an entry which
he made m s dary at the time) that, to the best of his belief, and so far as his
knowledge went, 1t was on the 6th of Apml that Sir Thomas Bouch “decided to make
the onter columns 1) and the inner columns 1 inch thuck ; ” but whether Sir Thomas
Bouch gave the order for it to be donme. is not quite so clear Whether then the
increase in the thickmess of the columns was made by Fergus Ferguson on his own
responsibility, or by Mr Grothe on lns responsibility, or whether Sir Thomas Bouch
ordered it; or, again, whether it was both the outer and the mner columns, the metal
of which was increased 1n tluckness, as Fergus Ierguson said, or whether only the
outér columns, are questions which are left 1n the greatest doubt. The statement,
however, that 1s made that either Mr. Grothe or Fergus Ferguson should, as agents
of the contractors, have taken it upon themselves to increase the thickness of the
colmnns, withont commumecating the fact to Sir Thomas Bouch, seems somewhat
strange, seemg that payment was to be made according to the weight of the metal
supphed, and that an 1ncrease of 25 per cent. 1n the thickness of these columns would
increase the cost considerably.

Maintenawee of the Bridge.

(92.) And now let us see nhat steps were taken to maintain the bridge. in an efficient
state. 1t seems that, after the bridge was completed, an arrangement was made by
the company. with Sir Thomas Bonch. that in consideration of an annual payvment to
hun of 1007, he should continue to watch over its condition.  The company’s engimeer
was to have charge of the permanent way. but all below 1t, mncluding of course the
piers, was to be under Sir Thomas Bouch’s supervision; and that arrangement was
in force when the accident occurred Sir Thomas Bouch's chief anxiety appears to
have been. uot so much for the wron work of the bridge, as for the foundations of
the plers; and accordingly Mr. Noble, with a staff’ of men, was placed at his disposal
for the parposc of taking soundings, and of filling up any holes that might be found
about the piers by the scour of the river. Asa fact this proved to be a very necessary
precaution, and large quantities of stoue and ballast were, under Sir Thomas Bouch's
directions, thrown into the river round the piers to prevent the foundationa being
undermined.
~ (93.) It seems that so early as September 1878, the railway having been opened for
passenger traffic in the preceding June, Mr. Noble, whilst employed i taking these
soundings, heard what he desenbed as a chattering of the tie bars, and on chmbing

. up the piers he found some of them loose. He accordingly purchased some strips of

wron, and without, as he says, communicating the fact to anyone, put 1n small pieces of
the iron between the gibs and cotters to tighten up the tie bars. He continued to do
this from time to time, and had, he told us, in this way ntroduced about 150 packing
pieces, before the-fall of the bndge took place. Whilst so engaged, Mr. Noble also

‘dis¢overed zone- of -the columns under the high girders and three in the northern
~ -portion of .the-hne cracked, and he immediately took steps to have them encircled
-~ 'with wrought-iron bands, in a way which seems to have met with the approval of Sir
- Thomas Bouch.

(94.) It should here be stated that Mr. Noble had no knowledge of ironwork, his
special duties were with brick and earthworks; moreover his regular occupation at
this ttme was to superintend the new line of railway, which was o connect Newport
with the bridge. His time for taking the soundings seems to have been about the
equinoxes, and 1t was then apparently that he employed himself in putting in these
packing pieces; but he was not directed by Sir Thomas Bouch to look after the piers,

_nor indeed does anyone appear to have been ordered to do so. It wes a mere voluntary
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act on Mr. Noble's part. Whether Sir Thomas Bouch himself made any inspection of
the piers during this time, does not clearly appear; his attention seems to have been
more particularly directed to prevent the scour of the river from undermining the
foundations.

(95) It was contended, however, that, whether this was so or not, the step taken by
Mr. Noblo m mtroducing these packing picces hetween the gibs and cotters was the
proper step to take, and that 1t had the effect of tightening up the ties and of bringmg
the columns to their bearings. It was said that the colunns, being rigidly bolted
down at their bages, would by their own clasticity return to their origmal position, as
soon as the force, which had deflected them from the vertical, had ceased, and that
it was theri that the ties would chatter, thenr attachmnents having hecn extended:
but that, when the packing pieces had been 1inserted, the tie bars, being shortened,
would renew their hold upon the columns. But this argument proceeds upon the
agsumption that the columns were mgid throughout their whole length and madly
bolted to their base plates; but this can hardly be said to have been the fact, sceing
that the bolt holes of the flanges of the 18-inch colnmns were comcal. and that the
holes were conswlerably larger than the bolts, which would allow a large amount of
play. If, too, a column had once got out of shape, 1t is not easy to see how tho
merely putting in of a packing piecce with a hammer could have brought it, with its
superincumbent load, back mto position. It is more likely that 1t would have con-
firmed it in1ts. distorted form

(96.) Aund here 1t may be well to refer to a somewhat exlraordmmary statement,
which was made by Mr. Stewart, the gentleman who assisted Sir Thomas Bouch m
preparing the designs for the bridge, who was his principal adwviser during the building,
and who has been s right-hand mnan throughout all these proceedings. Mr. Stewarl
stated that the loosening of the ties * would add to the strength of the structure,” as
well as to 1ts stabihity. Mr. Bidder endeavoured to muke out that this suggestion that
it would add to ** the stability of the sirueture” had not originated with Mr. Stewart,
but that it was due to what he called *“the adroitness” of Mr. Trayner 'That there
may be no mstake on this pont, it may be well to quote what the witness said 1
-finswer to questions put to him by Mr. Trayner.

19,139 {(Mr. Trayner) Without troubling yon for thar, let me put to you this question  suppozing tiese
tica 15osenel 10 the extent of n quatter of an wch, would that have materiatly abcted, 1 your opinion, the
atability of the structure *~—=Not an the lenst. Ty way 5t w n very 1emahable tlong that the lovsening, of
the neg; somewhat beyoml what Dr. Pole and 1 ealeulated, woukl add 1o the strongth of the stiucture, |y
bringing 1nto play, fitst of all, the 1esistance of the colmnns to bending to & greater extent, It also bungs the

didzonal. ties somewhat wore mlo play.
19,140, Do you mean to say that the Joosemng of tbu-e tics to the extent of a quarter of an meh wonld

have made the stzucture more stable than 1t was when 1t was vewly tghtly biaced up *—Accordimy to the
caleulations, a3 a matter of fact, it would,

19,181, Thea it was a nnstuke to tizhten thenr up >—You may draw that mferenee, 1f von hike.

19,142, Is not jt the necessary mlcrence trom whut you have sard *—No, because I think 1t 1~ not a tang to
be depended on.  If one extends 4 quatter of an mceh, others may extend balf nn inch

19,143, Tuke the hy pothesis that ts put to you, that these ne-Yars ware giving to the eatent ol o guaiter of
an inch, do yon say that would add to the stubility of the stiuctute, or thut it would detract from the wability
of the strueture *—0f course you wean this and the oue oppoatte (pornting to the modely? Tt would wid to

the stability-of the-stinctuie.

. (97.) The witness then weut on to say, that *if Sir Thomas Bouch could have put
£ in some kind of spring that would have a yielding of a quarter of an inch, 1t would
“ have added to the strength of the structure.” He was then asked,—

19,147. That heing s0, I mn cutious to know whether you can snggest any teason why the stiuctine was
made less sinble by the tightenng up of these bars and makmg the structure a3 ugd a5 1t was when General

Hutclunson snw 1t P—No, I Jdo not suppose 1 can.
19,148. It was o waste of energy, was not i, to tighten them wp when the 1esuft was 10 leaven the slabaiiry

of the buidge 7/ You cannot sugwest uny reason for that >=No, 1t 15 vary hard to ausner these phlosophical

questions.
19,149. In a general eense, does not thoe stability of u Utidge depend on the vgndity of 1ts colnmns, to a

lirge extent at least ?— Certuinly.

If Mr. Stowart’s theory was correct, the stability of a ship’s 1nasts would be
incresscd by the loosening of the shrouds.

(98.) Before we leave the question of maintenance, 1t may be well to say a few
words.in regard to the speed, at which tramns wero allowed to cross the bridge.
It has been said that 1 General Hutchinson’s report of the 5th of March there
was @ recommendation that it would “ not be desirable that trans should run over
the bridge at a high rate of speed.” and he suggested “25 miles an hour as e limit,
which should not be exceeded.” This seems to have been interpreted by the servants
of the Company to mean that from station to station they were 10t t0 go at a greater
average speed than 25 miles an hour, and this they seem to have done. Seeing,
L ' F3
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however, that they had, in approathing the cabin st either -ond to reduce the speed of
the train to some two or three miles en hour in order to take the baton, and
had then to mount an incline before reaching the summit, it 18 obvious that, if they
did the distance from cabin to cabin at the rate of 25 miles an hour, they must have
been going through the high girders, where 1t 18 level and on the summut, at a
very much greater speed. No complaint, ndeed, was made of the gpeed of the
" trains -gomg south, for they had to mount a very steep nclime of about 11n 74 from
the north cabin, until they had passed over four spans of the Ingh girders, and then
an ncline. of 1 1 130 for another span before reaching the level on the summit, they
hnd therefore no means of getting up a high rate of speed, until they had got some
distance across the high girders. But with the trains gong north 1t was dufferent;
starting from high ground on the south shore the roadway falls for the firat three
spans. 1t 18 then level for the next three, after which 1t rose by a gentle imcline at first
of 1 1 353. and then of 1 1o 490, until 1t reached the second pier of the mgh
gwders, whence 1t was level for six epans, and then fell for the first span at the rate of
1 w 130. and for the last four spans very rapidly at the ratec of 1 m 74. Now the
evidence of the engme drivers was that they were getting up speed all the way from
leaving the south cabin. and that i1t was only after crossing the summt, and when
they had got on to the inchne to the north, that the brake was put on. It s obvious,
therefore. that the trams going north must have attained a very high rate of speed
) before pitting on the brake to go down the inchne.

Eedence o (99.)-But the best evidence as to the speed, at which the trams passed through
3%01{;:‘:5;‘“ ' the ligh girders. was given by Mr William Robertson, ex-Provost of Dundee, and
T " who 15 also an engineer, and therefore able to speak with authorty on the subject.
He told us that he had frequently timed the trains going north to go from end to end
of the ligh girders m 60 seconds, which would give us, (the distance being 3,149 feet,)
a speed of 3578 wiles an hour; and that on two occasions he had timed it to do the
distance in 50 seconds. which would be at the rate of 42°94 miles an hour. Tt was
attempted to be shown that the trains referred to could not have attained so great a
rate of speed, but it secins to have bcen forgotten that for the last five spans of the
bigh guders on the north there 1~ an mnclme at first of 1 1 130, and for the last
four spans of 11n 74, in gomg down which of course almost any speed could have been
- obtamed. As u proof thai ex-Provost Robertson thought the speed dangerous, 1t may
. " be mentioned that, although he had a season ticket to go both ways between Dundee and
' Ins residence at Newport. he ceased before the bridge fell to travel northward, while

) stll contmuing to use 1t gomg <outhward

Effect of (100 ) And Lere 1t may be mentioned that, according to the evidence of the engine

puthagien  drivers, the brake was generally put on, when going north, at about the third or

morth stetom foUTth span from the end of the high girders, that 15 to say, when they had got on
. of mghi _ to the northern section. and were descending the steep gradient of 1 in 7t. Now,
. guders; _without gomg uite the length of saying with Mr. Bidder that the vis wiva, which
) would thus be lost, wust ultunately be transmitted absolutely undiminished to the.-
lowest pier. there can be no doubt that, applyng the brake, when the train was at its
Ingliest speed, inust have put a very severe strain on the piers, which would have been
carried down the columus to their bases; and as this generally took place, when the
train was on the northern section of the high girders, and would be repeated by every.
tramn going uorth, the columns of this section would, by being subjected to these heavy
strains, be weakened, and would probably be the first to give way. These con-
siderations give some strength to the statement, to which the evidence seems to point,
that 1t was-the northern section which went first.

- T'rue Caus of the Fall of the Bridge.

: 1?"&”-”"’%’” - - {10L:)- Although then this bridge,if properly constructed in accordance with the plans
_ fﬂ;:;;‘e"’.,”nd and specifications, might, as we are told, have been capable of resisting a lateral pressure
i “of from 6071bs. to 70 1bs. per square foot, and a very much greater wind pressure than-
was probably brought to bear upon 1t on the evening of the 28th of December; it
by no means follows that, constructed and maintained es we have seen it to have been,
a very much lower pressure would not have sufficed to blow it down. With 1ts conical
bolt holes 1n the lugs and 1n the flanges of the 18-inch columns ;—with its lugs, shown
by experunent to be unahle to bear more than one-third of the pressure due to their
seetional areas;—with the wind ties, by which the columns were held in position,
loose ;—-with no effective supervision of these cast-iron columns and their attachments

to see that they were doing their work properly ;—with all these and the other defects,
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to which we have called’ attention, can there be any doubt that, what caused the
overthrow of the bridge, was the pressure of the wind, acting upon a structure badly,
built, and badly maintained.

(102.) What probably ocourred was this. The bridge had probably been stramed
partly by previous gales, partly by the great srBeed at which trains going north were
permitted to run through the high girders. The result would be that, owing to the
defeots, to which we have called attention, the wind ties would be loosened; so that,
when the gale of the 28th of December came on, a racking motion would be set up
between the two triangular groups, into which the six columns forming each pier

were divided. This would bring a great additional strain upon the wind ties between
‘the 15-mch columns which connected the two groups of columns together, and which
would receive comparatively hittle support from the ties between the outer 18-inch
and the two nearest inner columns, owing to the angle which they made with the
line of pressure. The stramn, too, upon the lugs bemng greater, as you descended
the columns, the places, at which the columns would naturally give way, would be
near their bases; unless, indeed, a weaker spot should display itself lngher up, as
_appears to have been the case mn piers 29 and 30, where the tnwo lowest and the
lIowest tiers respectively are still standing. Whether, indeed, the lugs or the bolts
went first, »it .18 impossible to say; but as soon as one went, an additional strain
would.be brought upon the other, and the columns being thus without support, would
“naturallyfall over to leeward, as some of the witnesses described it. like a pair of
rulers,

- (103.) That the separation took place near the base of the columms scems clear
from the position, in which the three sections of the high girders were found lying in the
bed of the river, each descnibing an are, with 1ts concave side towards the piers, beng
furthest off where there was a fixed bearing, and nearest where there was an expansion
joint; whioh is what might naturally be expected, if the fracture occurred near the

ase; for the girder, being free at the expansion jomnts, would inuch more readily slip
- off the top of the columns and fall to the bottom as the bridge imclined; whereas,
~ at-the fixed bearings it would be held on, and so carned further out. The fact, too.
"that ‘opposite to pier 29 the girder 15 nearer to the piers, than 1t 15 at the next
expansion jomt, seems to confirm this view; for the fracture 1 that case took place. as
wo have seen, above the second tier from the base, so that at that pier the columnns
would have five tiers instead of seven on which to turn, and would consequently not

be carried so far out.

Defects in the Design.

(104.) Apart, however, from all these defects in the construction, to which we have
called attention, which are sufficient in our opimon to account for the fall of the
bridge, the question remains, whether there are not some defects in the design which

. must sooner or later have brought 1t down. We were told, indeed, that it was no part
_of our duty-to say how or in what manner the bridge could have been strengthened,
" that there were a hundred ways in which it could have been done, but that this was
not the question, and that all that we had to do waa to say, whether 1t was strong
‘enough.. A bridge, however, which with good materials and workmanship is computed
to be able to bear only from 60 lbs. to 70 lbs. of lateral pressure per square foot, and
which may be subjected at any moment to a wind pressure of from 40 lbs to 50 lbs.,
can hardly be said to be sufficiently strong, for tEere may be latent defects in the
material or the workmanship, for which we are told that it 13 usual to allow a factor
of safety of 4 or 5; and it 18 therefore not right to build 2 structure with so narrow
-a.margin of safety. We shall therefore proceed to point out what are, in our opinion,
"theé defects n- the design, which it will be necessary to avoid if the bridge 15 to be
_recoustructed.
~ (105.) And first1t 18 very greatly to be regretted that Si Thomas Bouch, when he
was designing the bridge, did not take greater pans to ascertain the nature of the
.foundations, on which the piers were to rest. It1s said that he was deceived by the
"borers, not of course designedly, for they would have no object in so domng. But
‘what right had 8ir Thomas Bouch in a matter of so much importance to trust solely
to the word of the borers? It is 1dle to suppose that, if he had looked at the core
which was brought up, he would not have been able to ascertain, whether it was the
same rock, which isto be found on each side of the river, or that a bed of conglo-
‘merate could have-beon mistaken for it. And if he had found that they had come
.upon a bed of cobnglomerate, 1t was his duty to have pierced 1t wath a view of ascer-
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taining whether it was capable of supporting the brick piers, on which he designed to

lace his bridge. Had the solid rock existed, as was too hastily supposed, at a
reasonable depth below the bed of the river, so that brick piers could have been buils
up from the bottom, no doubt the bridge would have been standing at the present day.
On the other haund, had 1t been known that below this thin bed of conglomerate the
bottom was only soft sand and mud, either a different design would have been made, or
the bridge would have been carried across at some more favourable spot. The mistake,
in our apinion, was a very grave one, and for which there is no excuse.

(106.) The next question to be considered 18, whether the hexagonal form of the
prer, and the way 1 which the colmuns were arranged upon 16, was calculated to give
the reqmsite amount of stability to the structure. To use General Hutchinson's words
—“7,0 ong can say that 2 broader base would not be a desirable thing.” Now,m
what way could tlus additional base have been given ?

(107.) And first, as regards the cassons They were, a8 we have seen, 31 feet in
diameter. There seems, however, to be no reason why they should not have been
constructed m an ellipical form, say 34 feet long by 28 feet broad, which would have
aiven_abont the same bearing surface for a foundation, would have been more casly
sunk-1n the niver from offerimg a less resisiance to the stream, and would have.

‘afforded-a much longer base east and west, on which to build the piers which were to
~carry-the columus.

(103.) Again, the hexagonal arrangement of the columns with two outer and four
mner columns was not advisable  As has been already pointed out, owimg to the
girders. which formed the mides of the bridge. being placed mmdway between the outer
and the two next muer columns, the two outer columns had to bear as much as the
four mmner columns together, or half the superimcumbent weight, so that each of the
outer columns had to bear one quarter of the weight, whereas the nner columns had
ouly to bear one cighth of 1t; added to which the outer columns had to bear the
greater part of the lateral wind pressnre. And although the inner columns were
15 mches, wlilst the outer ones werc 18 inches in diameter, tlus was by no means
sufficient -to compensate for the extra strans, which the outer columns had to bear; -

-und 1t certainly seems that it would have been better to have had two outer columns

instead of only one on each smde. It would have given a wider basc. and therefore
increased stability to the structure: 1t would also have had this advantage, that 1f
one of the outer columns had failed, the bridge would not necessarily have fallen,
whereas with-only one outer column on each side, the failure of any one of them would
cause 1t to fall at omce. This consideration scems not to have been disregarded
by Sir Thomas Bouch, when huilding the Beelah Yiaduet, for althoughin that structure
there were only mx columns to cach pier, they were arranged in two parallel lines
across the bridge, four of thein as outer and raking columns, and two only as inner
ones, the converse of the arrangement in the Tay Bridge, whore there were only two
outer and four mner ones. It certamnly thercfore appears that 1t would have been -
hetter, 1f in budding the Tay Bmdge there had been eight columns to each prer,
arranged hke those m the Beelah Viaduet n two parallel lines, and with two outer
columns on each side and four 1n the centre; anid this arrangement seems at one time
to.have been mtended Why i1t was net carried out, has not m our opinion becn
ratizfactorily explained

(109 ) It was saxd mdeed that the cagson, with a diameter of 31 feet, would not
have borne a pier, which would have carried the columns m the way suggested; but
a glance at the plan will show that this 18 not the case, and that a pier mght casily
have been constructed, which would have carried the eight columns 1o two parallel
lines, and with the outer columns placed at the same distance from each other, as the
vutercoldmns were iu the bridge as actually constructed, namely, 21 feet 10 mnches from
centre . fo! centre. Indeed, it was admtted by Mr. Grothe (Q. 13,667) that they had
3h;,ﬁlé-j§péng@;ij‘the top of the caisson for bwlding up brickwork sufficient to support
cight columns. It was objected, however, by Sir Thomas Boueb, that m that case the
outer columns would have had their foundation on the brick rim of the caisson, whilst
the iuner columuys would have rested on the councrete, and that that would not have
beeu safe, brickwork and conerete not being, as he said, homogeneous. Sir Thomas
Bouch, however, could hardly have remembered, when giving this answer, that the
hexagonal piers, which carried the columns, were faced in the lower part with brick and
m tho upper part with stoue, and that the whole rested om the concrete of the
caisson, the centre of the hexagonal pier being also filled with concrete. We do mot
therefore think that there 1s much 1n this objection.



(110.) Anpother advantage, which would have resulted from the columns being
arranged in two parallel lines of four each, would have been that the wind ties
comnecting the outer with the next inmer columns would have acted directly in the
“lime -of the pressure ; instead of as in the actual structure at an angle of 45°, so that
thay gave very little support to the inner columns

(111.) Another great objection to the design was that the | girders, which covered
the tops of the two triangular groups of columns, were not connected, ag they should
have been, so a8 to have formed a continuous girder over the tops of all the columns.
This.would have given great additional stability to the structure by binding all the
columns together. As it was, the two groups were held together merely by the struts
and ties between the columns, which were therefore lable to get out of shape.
There was not a witness, we believe, unless it was Mr. Stewart, who did not say that
the connexion of the two | girders at their ends would have given increased stability
to the structure.

(112.) Another defect in the design was the omission of the spigot upon the lower
tier of columns, 1n consequence of which there was nothing but the pinching action of
the flange bolts to prevent the columns from shifting their positions on the base
pieces. It was said by Mr, Baker that the mere weight of the columns with the
load, which they bore, would produce such an amount of friction as to render them
immovable on,their base pieces, but he clearly overlooked the fact that, according to
-‘the calculations of Dr. Pole and Mr. Stewart, a pressure of 20 lbs. of wind would
“guffice to relieve the outer windward columns of all pressure, and, to bring a tensile

strain to bear upon the flange bolts.
" (113.) But the greatest defect of all was in the cast~iron lugs, to which the ties and
struts were attached, and in providing not only that they should be cast with the
columns, but with the holes ready made. It is to this, and to the casting of the holes
in the fianges of the 18-inch columns, and to not seeing that these holes were made
properly cylindrical, and that the bolts fitted them accurately, that the weakness of the
piers and the fall of the structure 18 mainly due. We have dwelt at length on these
points, whilst discussing the question of comstruction, but they belong also to this
;part of the subject, for it was part of the design that they should be so cast.

Comparison of Tay Bridge and Beclah Viuduct.

"I (114.) But.perhaps the best way of showing the defects of the Tay Bmdge wiil be
-by -comparing it with another somewhat similar work erected by Sir Thomas Bouch
some time before: we refer to the Beelah Viaduet, situate about four miles from the
town of Brough, and which carries the South Durham and Lancashire Railway across
one of the wild mountain gorges in Westmoreland. The description of this viaduct 1s
taken from a work by Mr. Wilham Humber, entitled ¢ A complete Treatise on Cast and
Wrought Iron Bridge Construction.” The viaduet, which 1s 1,000 feet long, is carried
.on *15 piers of varying heights, according to the section of the valley,” each of the
-gpans being-60 feet from centre to centre. Kach pier was composed of * six hollow
-+ golumis, placed in the form of a tapering trapezium, and firmly bound together with
% gross girders:at distances of 15 feet pargendicular. and by horizontal and diagonal
"+ ‘wronght-iron-tie bars.” The columns, which a8 we have nlready stated, are arranged
in* two parallel-lines of three cach, have an extreme distance of 50 feet from centre
to centre on the base, tapering towards each other as they ascend, until at the top
immediately under the platform girders, they are 22 feet apart from centre to centre.
* The taper ” we are told, ** is given n the foundation piece at the base of each column,
“ which foundation piece 18 firmly bolted to a stone base, the upper surface of which
¢ i8 bevelled at such an angle, as will produce the taper required for the columns.
“ Thus the columns have all their flanges square to the centre line, which gimplified
4 tho fitting-very materially. The depth of the stone foundations, varied according to
“- the mature‘of the ground, and the height of the piers, but in almost all cases they
“_went down:to the sohd rock.” '

(115.) « We-are told that “ it 15 a distingmishing feature mm this viaduct, that the
*_ cross, or distance girders of the piers enoircle the columns, which are turned up at
“ that point, the girders being bored out to fit the turned part with great accuracy.
“ No cement of any kind was used in the whole structure, and the piers when com-
“ pleted, and the vertical and horizontel wrought-iron bracings keyed up, are nearly
“ a8 rigid as though they were one sohd piece.” Further on the author says, ** The
« fitting was all done by machines, which were specially designed for the purpose,
“ and finished the work with mathematicel accuracy.”
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(116.) * The flanges of the columns were “all faced up and their edges turned,
« and every column was stepped into the one below it with a lip about § of an inch
“ in depth; the lip and the socket for 1t bemng sotually turned and bored. That gortion
“ of the column ageinst which the cross girders rested was also turned. The whole of
* these operatiops were performed at one time, the column being centred m & hollow
* mandril-latho. After being turned the columns passed au to a drlhing machine, in
»» which all the holes 1z each flange were drilled out of the solid simultaneously. And
“ as this was dope with them all in the same machine, the holes, of course, perfectly
« eomecided-when the columns were placed one on the other in the progress of erection.
« Simlarscare was taken with the cross-girders, which were bored out at the ends by
« machines demgned for that purpose. Thus, when the pieces of the viaduct had to -
“ be put-together at the place of erection, there was literally not a tool required, and
¢ neither.clupping or fikng to retard the progress of the work.”

(117 ) 1t 1+ true that at the deepest part this viaduct stood 195 feet above the
ground. Look at 1t. however, with 1ts spans of 60 feet each;—its columns, of which
four are outer raking columns, with a base of 50 feet, tapering up to 22 feet at the
top ;—its horizontal cross-girders encircling the columns at every 15 feet ;—its holes
all carefully drilled, and all the work done with mathematical accuracy by machines
desigued for the purpose. And compare 1t with the Tay Bridge, with its spans.of
245 feet ;—its s1x columns, with a taper of 12 inches in a height of more than 80 feet,”
and with only one instead of two raking columns on each side;—its cast-iron lugs
with the holes cast with them, to which the ties and struts were attached ;—its two
L girders unconnected with each other ;—its conical bolt-holes in the flanges of the
outer columns. And the only conclugion to which we can come is, either that the
former was extravagantly strong, or the latter inordinately weak.

(113.) Sir Thomas Bouch was asked by Mr. Barlow, why he deviated from the
plan which he had adopted in the Beelah Viaduet, and he ther gave the following
rather remarkable evidence.

17,214 (Mr, Baslms) Do you remember what descuption of horizontal ties were used in your Beelah

vinduct 7—Yee.
17,215. What did the honzontal ties consist of; from the drawing 1 have ween they nppear to consist-of

airders placed quite ncross betwesn the columns *—That )s from column to column; yes, and the ties go mto

~ them,

17,216. In thys structute you departed from that construction P—Yes.
17,217, Why (id you depart from that construction?—I can only tell you this, that I had a different iden

of the foree of the-wand at that tue before I got the repost on the Forth Bridge.
17,218 (The Commissrgner.) Is that the only reason why you did away with those ties >—They were so

much more expensive, this wns a saving of money.

(119.) Mr. Humber says that the Beelah Viaduct was one of the lightest and
cheapest of the kind. that has ever been erected. Apparently, however, Sir Thomas
Bouch was of opimon that a lighter and cheaper structure would do for the Tay
Bridge, although one span of the latter was more than equal to four spans of the
viaduct, so that for the same length of girder, for which 30 columns were considered
necessary in the viaduct, the Tay Bridge had only 12, and those of a very inferior
construction.

Respumsibility for the Accident.

(120.) The conclusion then, to which we have come, is that this bridge was badly
designed, badly constructed, and badly maintained, and that its downfall was due to
inherent defects in the structure, which must sooner or later have brought it down.
For these defects both in the design, the construction, and the mamtenance, Sir Thomas
Bouch is,'in-our opinion. mamly to blame. For the faults of design he is entirely
responsible. For those of construction he is principally to blame in not having exer-
cised that supervision over the work, which would have enabled-him to-detect and

"apply a-remedy to them, And for the faults of maintenance ke is also principally,

if not entirely, to blame in having neglected to mamntain such an inspection over the
structure, as 1ts character imperatively demanded. It is said that Sir Thomas Bouch
must be judged by the state of our knowledge of wind pressures, when he designed
and bwlt the brndge. Be it s0, yet he kmew or might have known that at that time
the engineers in France made an allowance of 551bs, per squarc foot for wind
pressure, and mn the United States an allowance of 501lbs. And although there
seems to have been no agreement amongst English engmeers as to the allowance proper
to be made. Mr. Brunlees told us that he ellowed 30 Ibs., and even Mr, Baker allowed
281bs. Sir Thomas Bouch was building a bridge on somewhat new principles, and in
a position where it would be peculiarly exposed to the action of westerly and south-
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westerly gales; and not only does he make no allowance for wind pressure, but
actvally builds the bridge weaker and lighter and with wider spans, than in his

revious works. ~To have built and designed a bridge which, if properly construcied
-m all respects, would only have borme e lateral pressure of from 60 lbs. to 70 1bs. per
square foot, when & pressure of 40 to 50 lbs. of wind was quite possible, was a grave
error of judgment, Whether, too, the calculation of its stability, or the maximumn
pressure of the wind be or be not erroneous, matters very little; the bridge fell mn «
gale-of wind- which, though violent, was not one, which could not and ought not 1o
- have been -proyvided against ; 1t fell solely by the action of the wind; erther then the
margin-of safety was too low, or the defects too great. In neither way can Sir Thomas
“Bouch escape his responsibility.

(121.) Wpe think also that Messrs. Hopl.{ins, Gilkes, & Co. are not free from blaine
for having allowed such grave irregularities to 50 on at the Wormit foundry. Had
competent persons been appointed to superintend the work there, instead of 1ts bemg
léft almost wholly in the hands of the foreman moulder, there can bo little doubt that
the columns would not have been sent out to the bridge with the serious defects,
which have been pointed out. They would also have taken care to sec that the
_bolt-holes in_the -lugs and flanges of the 18-inch columns were cast truly cyhindrical,
- or,if“that.could mot be done, they would have called the attention of the engineer or
“his-assistants to the fact; but that does not appear to have been done. The great

“sbject seerds to -have been to get through the work with as httle delay as possible,
without seeing whether it was properly and carefully executed, or not.

* .(122.y The'Company also are in our opinion not wholly free from blame for having
allowed the trains to run through the high girders at a speed greatly in excess of that,
which General Hutchinson had suggested as the extreme lmmit, They must or ought
to have known from the advertised time of running the trains that the speed over the
summit was more than at the rate of 25 miles an hour, and they shonld not have
allowed 1t, until they had satisfied themselves, which they seem to have taken no trouble
1o do, that-that speed could be maintained without wjury to the structure.

(123.) It remams to inquire whether the Board of Trade arc also to blamo for
having allowed the bridge to be opened for passenger traffic. as and when they did.
Let us see.then what are the duties which the Legislature imposes upon the Board of
Trade in connexion with the opening of new lines of railway, and how those duties
weré performed-in this case.

(124.) Bythe Aot 5 & 6 Vict.c. 55,5. 4, 1t18 enacted that no new line of railway shall
be opened for. passenger traffic, until one month after notice of the company’s intention
to open 1t-has been sent to the Board of Trade, and until 10 days after notice has
been sent that it is complete and ready for inspection. No plans or drawings of the
structure are required to be sent before the service of the notices, and as a fact we arc
told that they are seldom sent before the 10 days’ notice is served, and frequently
not until afterwards. One of the inspecting officers of the Board of Trade has then to
‘examine the plans -and details, to inspect the railway, and to make his report: and if
-a'copy of his-report and an order to postpone the opening are not sent to the ralway
“authorities before the expiration of the 10 days’ notice, the company may open the
‘line ‘for passenger traffic without the sanction of the Board of Trade, whatever may
beits then state and condition. Seeing too that the inspecting officers may, when the
notice reaches them, have other work on their hands, it 18 obvious that the examination
and inspection can be little more than superficial.

(125.) It seems that on the receipt of the usual uotices from the North Briush
Railway Company of their ntention to open the Tay Brdge for passenger traffic,
Major-General Hutchinson, one of the railway inspectors for the Board of Trade, was
instructed to inspect the bridge. The inspection took place, as we lhave stated on the
25th, 26th, and 27th of February 1878, and on that occasion the company placed at
-General’ Hutchinson’s disposal, for the purpose of testing the bridge, six new goods
‘ongines; each of which weighed 73 tons, and measured 484 feet over all; and as the
total weight of- the .six engines was thus 438 tomns, and the total length 291 feet,
“this gave a pressure of rather more than 1} tons to every running foot, which s
-considered -a very severe test. These engines were run singly and together over the
‘bridge at various speeds up to 40 miles an hour, and the extent of the deflection
and of lateral oscillation having been carefully noted, the results, to use General
Hutchinson’s words, were considered satisfactory, the bridge having been found to
be staffer than he had anticipated. Accordingly, on the 5th of March following he
reported that he saw “ no reason why the Board of Trade should object to the
raadlway on the Tay Bridge being used for passenger traffic.”
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(126.) In giving bis evidence before us, General Hutchinson was asked, (Q. 15,967)
whother his exammation of the bridge on that occasion had been sufficient to enable
him to make his report. and he answered. “ 1t was. I observed no symptoms of
« weakness. which in my judgment gave any reason to doubt the stability of the
« gtructure, of conrse always presupposing that the materials of which 1t was con-
« gtructed were good, that the workmanship was good, and that 1t was properly
o mamtamed.”” Mr. Bidder, not being satisfied with this answer, and anzious to
obtain.a. stronger expression of opimon from him on the subject, asked him, (Q.15,989)
+1 think I gather that n your judgment, assuming it to be properly constructed, and

. the workmanship to be good. the design was satisfactory;’ but General Hutchinson
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answered, ** I would rather put 1t 1n this way; thal the design was not unsatisfactory ;
« there was nothing 1n the design 1n my judgment to warrant me in objecting in any
“ wav to 1t. Of course no one can say that a broader base would not be a desirable
« thipg.” General Hutchinson dechned to pledge himself to a general approval of
the design ; all that he would say was that he could see nothing in it, which would
justify him 1n takiog the very strong measure of withholding a certificate. So also
with respect to the matenals and the workmanship, he declined to say whether they
were good, nor was it possible for him to do otherwise, seeing that the whole of the
work was finished, ang the defects, if any, covered up, when General Hutchinson
made his-inspection. He admitted very fairly that his inspection had been only a
superficial one, and that he could judge of the work only from its appearance
externally. _ _

(127.) It 15 important to bear this 1 mind, for there seems to be an impression
abroad that, after a work has been nspected and passed by the officers of the Board of
Trade, the engineer and others, by whom it has been constructed, are relieved from
responsibility for any defects, which may subsequently be discovered; but this can
hardly be so. If the inspecting officers are to be held responsble for all defects both
of design and of construction, not only should the plans be submitted to them for
their approval before the work 1s commenced, but they ought during 1ts progress to
be allowed to exercise the same amount of supervision, as the engmeer and his
assistants are supposed to do. Whether the country would be prepared w sanction
any such mterference with private enterprise, with the view of relieving thoge, who are
and ought to be primanly resgonslble for the work, may well be doubted ; but however
this may be, the Legislature has not done so, All that the law requires is that the
officers of the Board of Trade shall say, not whether the design Is good, and the
work constructed on the best prineiples, nor whether there are or are not any latent
defects 1n 1, but whether they can give any good reason why it should not be opened
for passenger traffic.

(128.) One ypoint, however, deserves to be mnoted 1in connection with General
Hutchinson's mspection, and 1t 1s this, that, although he seems to have tested the
bridge sufficiently, mdeed severely, for a vertical dead weight pressure, he made no
allowance of auv kind for wind pressure, it not being, he said, the practice to do so.
It may be well to quote what he says or this subject :—

16,070, { The Commesseones ) Did you meke any caleulations at all when the-e plans wete given you, a8
to what force ofi-wind would e ~ufficient to overtin the budge >—No, 1dwd not 1 made no ealeulations -

as regatds,the wind
16,07}, How did you judge then of the ~tabiliry ol the bndge, 1l you made no ealculations /—As T have

- ahéady dtated;. the ~abject of wind picesure never entered into the ealeulattons that I made, and never had

doue, I.behiese-in; 1 will pot say, enil engineers’ ealeulations, hut as far as I koow, 1t hae never been
taken*into-necount. ” :

16,072 Do:vou hpow whethier 1t 14 so 1n Ameiiea or in Fronce 2—1I cannot say I believe that in France they
liave some rules, but 1t has never been luthe to customary i’ this couutry, as far ag I am aware, to consider this
snestion, especially m an open structure bke thie. Had the girders been plals girders, it woold, of course,
have «truck oue naturally that ono cught to take very great care abou the wind,

(129.) Further on he said, 1 answer to a question put by Mr. Barlow—

16,081, With regard to the width of base, if crerything was made stiong and good, with pioper holding
down bolts, and wuth very sufficient wind ties, do you thuink that width of base insufficient 7-—No, I think
uot wnenficient, if everything was thoroughly grad and made o8 sohd and substantial as possible. There
would by, I shoull imagme, quite 60 ibs. or 70 lis. of stainhty agamat lateral pressure, supposing these piers
were 08 one, and the helding-down bolis good I hnve not made the ealenintion with regard to the holding-
down bolts; L have mude 1t with 1egard to the piers standbog on then legs, aod 1 make 1t something over
101bs , without taking in the halding-down bolis

(130.) When General Hutchinson gave his answer that he considered that 60 lbs,
or 70 lbs. of stabiity would not be insufficient, he could hardly have known that
a wind pressure of 40 lbs and even 501bs. was quite possible, which would leave
u margin of stability of only about half. After what has come out in the course of this
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inquiry, it is clear that there can be no justification in future for disregarding
altogather, as seems to bave been done, the effect of wind pressure on such a structure
88 this; but whether General Hutchinson is or 18 not to blame for having so done, Sir
Thomas Bouch is not relieved from his responasibility,

Standing portion of the Bridge,

(131.) It remains for us to say a few words in regard to the portion of the bridge
which is still standing, and on which we have hag & report from Mr. Law, which
will be found in the Appendix.

-{132.) Mr. Law, after calling attention to the bed of the mver, which he states

-gtill'shows a tendency to scour, and will therefore require to be carefully watched,
-obgerves that on piers 15 to 27 to the south of the high girders, and piers 42 to 48
"to- the north thereof, the weight of the superstructure is wholly borne “by four
* 16-inch columns, which are bolted to a foundation stone, and are surmounted by a
“ gquare wrought-iron box girder or entablature, which supports the superstructure ”
In addition to which there are two outer columns, one on each side, which are carried
up vertically to the last tier, and ther rake inwards at a very sharp angle to form
raking struts to the wrought-iron box girder. But, a8 Mr. Law observes, it 18
“ egvident that in their present condition these external columns are of very little
“ gervice in strengthening the structure,” (and we would add in resisting wind pressure),
‘ first, because of the very unfavourable sngle of the wrought-iron ties, which connect
“ them with the 16-inch columns, and secondly, because they have no direct tie at the

~“ upper part of the }:rerpendiCular columns to resist the thrust of the raking columns.”

(133.) He also calls attention to a number of other prers on the north smde of
the bridge, where there are but three columns, two verfical and one raking, * upon

-4 which the lattice girders of the superstructure merely rest without any attach-
“ ment.” These three columns were, he says, “intended to be,” and ought to be,
‘“in one plane;"” but they are not always so. The lengths, too, of the lattice girders
not corresponding to the distances between the centres of the piers, the joints of the
girders are not vertically over the centres of the piers, deviating in some instances to
the extent of 18 inches. The result is, there being “no kind of stay to prevent the
“ movement of the head of the column in the direction of the length of the
“* bridge, and no kind of attachment between the girder and the columns,” that

‘there 18- very great risk of the girder, which here merely rests on the tops of the

‘columns, slipping off.

Concluseon.

(134.) These are some of the defects in the sianding portion of the structure,
to which it is necessary that attention should be directed, in the event of its being
determined to restore the bridge. That 1t will be rebuilt there can be no doubt, for
.the interests of the large and thriving town of Dundee imperatively demand it. If,
however, it should be rebuilt with its narrow base, 1ts cast-iron lugs, its conical bolt-
holes, its unconnected |_ girders, and with the other numerous defects, which we have
-pointed out, and without adequate allowance being made for wind pressure, a very

serious -responsibility will rest on all concerned, and one which the conntry would not
very readily pardon.

The two Reports compar ed.

(135.) I stated m the commencement of this report that there was practically an
entire agreement between my colleagues and myself in the conclusions, at which we
_had arrived ; and that almost the only difference between us was, whether some facts,
which had come out in the course of the inquiry, ought or ought not to be referred to
-1nore at length.
., (136.)"The points, on which we are agreed, are as follow :—I agree with them in

- “(rl.).\%l_[q_t} there is no evidence to show that there has been any movement or settle-
' -ment in the foundations of the peirs.
(2.) That the wrought iron was of fair quality ;

.(3.). That the caat-iron was also fairly good, though sluggish in melting ;
(4.)-That the girders were fairly proportioned to the work they had to do;

‘G__';S-;_: n-" -~

Ponts on
which we are
agreed.



48

(5.) That the iron columns, though sufficient to support the vertical weight of the
girders and trains, were, owing to the weaknesz of the cross bracing and its
fastenings, unfit to resist the laterel pressure of the wind;

(6.) That the imperfoctions in the work turned out at the Wormit Foundry were
due in great part to a want of proper supervision ; -

(7.) That the supervision of the bridge after its completion was unsatisfactory ;

(8.) That, if by the loosening of the tie bars the columns got out of shape, the mere
introduction of packing pieces between the gibs and cotters would not bring
them back to their positions; '

(9.) That trams were frequently run through the high girders at much higher
speeds than at the rate of 25 miles an hour; o

(10.) That the fall of the bridge was probably due to the giving way of the cross

"~ bracing and its fastenings. _
(11.) That the imperfoctions in the columns might also have contributed to the

same result.
These are the pomts, neither few nor umimportant, on which I concur with my
‘colleagues. ‘
Facis not (137.) The points, on which we are not agreed are, as to whether some facts, which

g;“q with  }ave come out 1n the course of the inquiry, ought or ought not to be mentioned. The

cou’;ayguc;, following are some of the facts, to which I refer. '

Thefbormgs.  (138.) In the first place, I think that the error 1n the borings ought not to be passed
over w1 silence It 1s said that engineers are always hable to be deceived by the
borers, and that therefore Sir Thomas Bouch could not be held to blamo on that

* accomut. But that argument does not satisfy me. I should have thought that, if

- engimeers are hable to be deceived by horers, it 15 all the more important that, before
designing a bridge, they should satisfy themselves, beyond a doubt. of the accuracy
of the borings, and which there would have been no difficulty in doing 1n the present
case. It is also said that, as no movement or settlement was found after the accident
to have occurred 1n the foundations, the error i the borings was not important, But
that also does not satisfy me; for 1t 15 clear that the error in the borings led to the
alteration of the piers from brickwork to iron columns, and that that undoubtedly was
the cause of the casualty.

Tbciammg (139.) Secondly, I think that we are bound, in justice to those most deeply interested

the gwrder.  in this case, carefully to consider all the various suggestions which thoy have put
forward to account for the fall of the bridge; and it therefore seemed to me that it
would not be fair to them or satisfactory to you, that we should simply give it as our
opinion that the train had not struck the girder, without stating at length the grounds

, on which that opimion was formed.

Thelsuper- (140.) I think also that 1t 18 not sufficient to say that the supervision at the

wmaon. - Wormit Foundry, and 1n the subsequent maintenance of the bridge was insufficient,
without saying in what that msufficiency consisted, and who was to blame for 1t.

Defacts n (141.) 1 think also that 1t was our duty to call attention to certamn defects in the

the design.  degign, which rendered the structure weak. and thereby contributed to its fall; for
instance, to the narrow base, the slight inclination of the outer columns, and the
omission of the spigots at their bases, and to the casting of the holes m the lugs and
mn the flanges of the 18-inch colunns. I Lhought also that these defects could best be
shown by comparing the work on tho Tay Bridge with that done by the samc engineer
on the Beelah Viaduct.

Re_f}%onn- {142.) It seemed to me also that wo ought not to shrink from the duty, however
_b'l!!u%.lf;ﬂ’_"“- ainful 1t might be, of saying with whom the responsibility for this casnalty rests.
casugty- - My colleagues thought that this was not onc of the questions that had been referred

to us, and that our duty was sumply to report the causes of, and the circumstances
attending, the casualty But I do not so read our instructions. I apprehend that, if
we think that blame attaches to any one for this casualty, it 18 our duty to say so,
and to say to whom it applies. I do not understand my colleagues to differ from me
in thinking that the chief blame for this casualty rests with Sir Thomas Bouch, hut
. they consider that 1t is not for us to say so.
_ngfpm_ (143.) Lastly, my collcagues in their report call attention to the fact ““ that there 1s no
surés. * requirement issued by the Board of Trade respecting wind pressure, and that there
** ‘does not appear to bo any understood rule in the engineering profession regarding
* wind pressure 1n ralway structures;” and they therefore * recommend that the
* Board of Trade should take such steps as may be necessary for the establishkment of
“ rules for that purpose.” 1 cannot, however, join in that recommendation; for it
appears to me that, if there is no * understood rule in the engineering profession



49

¢ regarding wind pressure in railway structures,” it is for the engiueering profession,
and not for the Board of Trade, to make them. I will add that,if I rightly under-
stood my colleagues at our last interview, they concurred in the conclusions, to which
I had come,that-there might be 2 maximum wind pressure of from 40 lbs. to 50 lbs.
per square foot, and this too not only over a few feet, but over the whole extent of a
span of one of the high girders, and I gather as much from their Report. Andf so,
seeing that it is the practice in France to allow 55 lbs. per square foot for wind
pressure, and 1n_the United States 50 lbs., there seems to be no reason why a smilar
allowance should not be made in this country.

(144.) T will only add, in conclusion, that I should hardly have ventured, in & case
of so much- difficulty and 1mportance, to have made or my own responsibility the
-remarks I have done, had I not felt that they are fully borne out by the evidence, that
.has been laid before us; and thet, although my colleagues have not thought fit to join
in - this- Report, they do not differ, except perhaps on some very minor points, from
the conclusions, at which I have arrived.

I have the honor to he,
Sir,
Your most obedient, humble Servant,

H. C. ROTHERY.
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