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4.1 History of the Undertaking 

The third structure considered in this series of case studies 

was the huge cantilever bridge designed to carry railway, tram and road 

traffic across the St Lawrence. River near Quebec (fig 4.1). The 

project was first mooted by the Quebec Bridge Company in 1887, but 

the promoters found it difficult to raise capital because a spate of 

railway construction earlier in the decade had drained most available 

resources. As a result of this and an economic slump in the 1890s, 

very little was done for ten years, but in 1897 asurvey of three possible 

sites was carried out for the ¬bmpany by its Chief Engineer, Mr E. A. Hoare, 

who eventually selected a crossing near the mouth of the Chaudiere river 
Je 

as the most practicable. Later that year, at the annual conference of 

the American Society of Civil Engineers, Hoare discussed the feasibility 

of the project with John Deans (Chief Engineer of the Phoenix Bridge 

Company) and Theodore Cooper, who was a highly respected consulting 

engineer based in New York. As'a result the phoenix Bridge Company 

drew up an informal preliminary plan showing a large', cantilever bridge 

with a mein span of 488 m (1600 ft). This was approved both by Cooper 

and by the Government, from whom it was eventually hoped to secure a 

subsidy. 

During 1898 it was decided. to put the bridge out to tender, 

notwithstanding the fact that. the client had practically no funds. 

Mr Hoare drew, up a set of specifications (largely a transcription of 

those used by the Government Department of Railways and Canals) and 

bids were called for. 
: 
Jive proposals were received and Cooper was 

asked to judge them; it turned out that the only contractor taking the 

project really seriously was the Phoenix Bridge Company and in due 

course Cooper recommended that its tender be adopted. Nothing 
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further was done because there was no money to enable a start to be 

made. 

-Another survey of the site was carried out during 1899, and as 

a result of this it was decided to increase the length of the main span 

' by 61 m to 549 m (1800 ft). Attempts were again made to raise capital, 

and subsidies totalling 41,550,000 were obtained from national and local 

government sources. 

This enabled work to begin. and in 1900 contracts were awarded 

to W Davis & Son for the substructurd. and to the Phoenix Bridge Company 

for' the design and erection of all the steelwork. Davis set to work but 

the designers still lacked-confidence in the project and did practically 

nothing for three years. The Quebec Bridge Company-looked around for 

more money and eventually persuaded the Government to underwrite the 

whole cost of the project. This was achieved in 1903 when work on the 

piers was gearing completion, and to maintain continuity of work on the 

site the designers had to set. about preparing finalised plans of the 

superstructure as quickly as possible. 

Firstly, a rapid revision of the design specifications was under- 

taken by Cooper, more or less on his own initiative because this work was 

outside the brief on which he was retained and paid. It was certainly. 

necessary, because the original set of conditions had been transcribed 

from a Government document which was never intended for such a colossal 

structure. 

The most important alteration made allowed higher stress levels 

in the steel being incorporated"in the bridge. The justification for 

this was-that the structure was so, large that the dominant forces in the 
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members would be those derived from the dead load, implying that a lower 

. 
than normal margin of safety would be required b guard against the 

vagaries of the live load stresses. There was every temptation to 

push the levels higher, because even a small increase would mean a 

considerable decrease in overall weight (see fig- 4.2 ). 

At Phoenixville the design team decided that there was not 

-enough time to start working again from scratch so they simply revised 

their 1898 proposal in the light of the'new specifications. Unfortu- 

nately they overlooked thezfact that the-dead loads assumed in 1898 

would not apply to the new bridge. This was because the increase in 

span already mentioned demanded a considerably heavier superstructure. 

As a result the highly stressed components of the bridge near the main 

towers were considerably overloaded when the structure began to take 

shape in 1905. " 

The client and contractor ran the project in a manner typical of 

contemporary American practice. The basic design was formulated by 

Szlapka and his assistant, Scheidl, in accordance with the specifications 

prepared by Cooper. They'worked at the Phoenix Bridge Company's works 

at Phoenixville and as they finalised the plans they passed them over to 

a team of. draughtsmen who made shop drawings from. them. Copies were 

sent to Cooper and to the Government Railways and Canals Department 

for Approval, and when these were returned the corrected originals were 

-taken into the adjoining factory where the components were fabricated - two 

from each drawing because the two halves of the bridge were to be identical. 

The first members left the yard late in 1904, and were transported to 

the south bank of the bridge site by the recently completed rail link. 

This process of continuous design and fabrication was, pursued throughout 

the contract. 
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On site, erection of the structure was under the nominal control 

of Mr EA Hoare, chief engineer of the Quebec Bridge Company. He had 

an outstanding capacity for organisation, but was not primarily a 

civil engineer. He was therefore unable to tackle much of the technical 

responsibility, and as a result this fell on the shoulders of a young 

graduate, Norman McLure who was officially only appointed to see that 

Cooper's instructions from New York were faithfully executed on the site. 

The clients team was completed by an inspector of workmanship, Mr Kinloch. 

For the Phoenix Bridge Company, Mr Yenser actually controlled 

the erection of material being delivered to the site in accordance with 
3 

a book of instructions and a set of plans prepared by the design team 

in Phoenixville. He had no authority to depart from the specified 

procedures, and his employers retained a Resident Engineer to see that 

he did not. In accordance with the normal practice of the time it was 

not considered necessary to employ a supervisor with a full technical 

"understanding of the work. 

Placing of the steelwork began in July 1905 and by the end. of the 

season the south anchor arm was taking shape on the prepared falsework. 

Even at this stage the bridge struck British engineers as spidery 

and insubstantial. This was because they were accustomed to the solid 

and reassuring appearance of the then recently completed Forth Bridge. 

At Quebec the main tension members were just chains of eyebars 

and the compression chords consisted of several parallel webs held in 

position by latticing, cover plates aad diaphragms (fig 4.3). 

These were a stark contrast to the trussed ties and large tubular 

struts used for the British bridge (fig 4.4). In fact the Quebec 

components were even less sub! -tantial than they appeared because the 
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Fig 4.3. Typical components, Quebec bridge. 

top: eyebars for the tension chord 
bottom: part of the main compression 

chord. 
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Fig 4.4b. 
Compression member, 
Forth bridge. 
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material used had lower characteristic strengths than that used in the 

Forth Bridge. 

The. joints also looked less substantial (fig 4.5,4.6).. This 

wa3 partly due to the smaller sections being connected and partly because 

the subsidiary members of the Canadian structure were attached using 

pinned rather than riveted nodes. ." 

The main trusses were constructed in a vertical plane 

and this in turn made the bridge look less stable than the Forth Bridge 

which incorporated splayed towers ( fig 4.7=) to provide full security 

against wind loads. 

.n 



Fig 4.5. Joint of chords 8L and 9L, 

. main ce. ntiiever arm, Gue-bec 
bridge. 
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4.2 The Collapse 

Things first began to go seriously wrong at the beginning of 

1906. Cooper suddenly realised that the weights of the bridge components 

stockpiled ready for placing did not correspond to the estimated dead 

loads. An investigation during February 1906 revealed the mistaken 

,- assumptions made about weights after the span had been increased. 

This was a serious dilemma because duplicate material had already been 

prepared for a large portion of the bridge. Cooper estimated that 

the effect of the error would be to raise stresses by 10%, which he 

considered to be permissible. 

Work therefore continued. The anchor arm was purposely built 

to a distorted configuration, so that when the cantilever arm was added 

the bridge would slowly assume its service shape. This meant that 

important joints had to be temporarily bolted, and then adjusted as 

the structure grew. In the interim period adjoining members were in 

a precarious state because forces were not evenly transmitted across 

their interface. 

When the 1906 season closed on November 29th all the south anchor 

arm and most of the cantilever had been erected. The records show that 

the work had not gone altogether smoothly. For example, on July 20th 

McLure wrote to Edwards (the inspector of work in the*Phoenix Bridge 

Company fabrication shops) to-say that he had noticed that. "on a number 

of the compression chords ... the webs are decidedly crooked and show 

up in wavy lines, apparently held that way by the lacing angles. This 

makes a very bad appeazance, for a person seeing a member like that and 

knowing it to be in compression would at once infer that it had been 
2 

overstrained sufficiently to bulge the webs. " Neither man considered 

that the bulges were dangerous, and therefore no further investigation 
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was made. 

Apart from this, the main cause for anxiety in late 1906 and early 

1907 was 
,a 

certain amount of difficulty in closing some of the field 

joints in the compression chords prior to riveting. 

This however, was trivial compared with the trouble that 

developed when construction of the suspended span began at the end of 

July 1907. Firstly, one of the main field splices (7-8L, south 

cantilever arm) was found so seriously distorted that the site staff 
3 

and workforce began to feel extremely uneasy. Cooper was informed, 

but failed to realise that the trouble was dangerous. He insisted, 

despite McLure's assurances that the buckle had developed since the 

material was placed, that the damage must have been caused during erection. 

Neither at this time nor during the following crisis weeks did he 

consider visiting the site, which he had not in fact seen since erection 

of the steelwork began. (fig. 4.8). 
.. 

During a systematic check of all the compression chord joints, 

c 
a similar buckle was detected at the 8L-9L junction of the south anchor 

arm. Other distortions were discovered in the webs and joints of the 

other main truss system, and these were monitored throughout August. 

On the 27th, the buckle in member 9L of the anchor arm was found to 

have developed in an alarming fashion. (fig 4.9). This caused a panic 

among the site management, from the chief engineer downwards. Erection 

was suspended and McLure set off for New York to report to Cooper. 

However, Yenser resumed construction the following morning, 

"primarily to allay the uneasiness of the workforce. This was approved 

by Hare who had somehow worked out that the critical panels could not 
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be bearing more than 70% of their theoretical maximum load. 

In the meantime Cooper was beginning to understand that the 

bridge was in very dire distress. He despatched a dramatic telegram - 

"Add no more load to bridge until after due consideration of the facts:? 4 

but it never reached the site. As work was ending on Thursday 29th 

August the whole structure just folded up and 153 MN of steel carried 

75 men to their deaths. In the words of Mr Kinloch who was fortunate 

enough to be off the bridge when it fell "The initial failure occurred 

in both lower chords no 9 anchor arm simultaneously and in the latticed 

portion of the chords but not in the same way in both chords. No 9L 

which-had previously been observed to be bent dfelected slowly and 

transferred some of its load to 9-R until that chord burst with a 

sudden fracture accompanied by the loud report testified to by some 
5 

witnesses. " 

" 
The collapse was a serious blow to both national and personal 

pride. The Canadian Government's decision to give massive financial 

support to the project was greatly influenced by the fact that it 

wanted a prestiguous symbol of-progress to celebrate the tercentenary 

of Quebec in 1908* This was to be provided by the great bridge, 

crowning achievement of the new trans-continental railway, but now the 

work, pressed forward with such haste after years of uncertainty, lay 

in ruins. 

It was also a tremendous shock to all concerned with the 

construction. Nobody felt the disaster more acutely than Theodore Cooper 

who had undertaken the enormous responsibility of preparing specifications 

at a more or less nominal fee because he wanted the structure to set the 

seal on his life's work, the record of which had already raised him 
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to the pinnacle of the engineering profession. Ile was 61 when 

construction started in 1900 and fought ill-health throughout the 

project in the hope of carrying it through to a successful conclusion. 

He must have been terribly disappointed and shocked when the 'bridge 

fell; indeed, there are moments in his testimony to the Royal Commission 

of Inquiry where a real poignancy underlies the printed text. 

1 

i 

- . 
ß'ßg° ..... 
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4.3 Causes of the Collapse 

The Government acted quickly to set up a Commission' of Inquiry 

to investigate the accident, and it managed to select three mon whose 

- sound and carefully weighed opinions lent an air of dignity to the 

disaster. There were two practising engineers, Henry Holgate oz 

Montreal and John Kerry of Campelford, together with an academic 

John Galbraith who was Dean of the Faculty of Applied Science and 

Engineering at the University of Toronto. They set to work the day 

after the accident, and presented their report four and a half months 

later. 
1' 

They found that the principal cause of the accident was the 

failure of the lower chords in the anchor arm near the main pier due 

to defective design. Discussion of this will occupy much space 

hereafter but the other findings must be mentioned in passing. 

One thing the Commissioners criticised was the weakness of the 

project management and especially the absence of a first class chief 

engineer on the site. They pointed out that Mr Hoare was an 

excellent organiser but not a bridge engineer, that the consultant 

(Cooper) was in poor health 725 km. distant in New York and that the 

design and fabrication was being carried out at Phoenixville many 

kilometres in another direction. Despite the fact that rapid 

postal and telegraphic communication was possible between these 

three parties, their distance from each other, and the distance of the 

design experts from the site meant that actual contacts and". personal 

visits to the site were all too rare. Too much responsibility therefore 

rested on the shoulders of McLure, who had only a few years site 

experience since graduating from Princetown University in 1904. 
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Convincing evidence of the inability of this team to deal 

effectively with engineering problems was given by the muddle it made 

of the crisis in August 1907. The testimonies given to the 

Commissioners after the collapse confirm that there were enough 

able men working on the project to have ensured success and that had 

they been better coordinated the mistakes made might have been spotted 

and rectified in time. 

. 
The Commissioners also round that the basic conceptual thinking 

behind the project was shaky. They made the seemingly extraordinary 

statement that "No-one connected with the general' designing fully 

appreciated the magnitude of the work nor the insufficiency of the data 
7 

upon which they were depending,, and yet the evidence suggests that 

this really was the case. Against this background it is amazing 

that Cooper raised the permitted stress levels above those adopted for 

normal size bridges, apparently without questioning whether they were 

applicable to the longest span in the world. 

Colossal columns were specified without reference to experiment 

or precedent, and erection procedures were devised by the designer with- 

out due consideration for the difficulties they would entail on the site. 

Again, all these problems can in some measure be attributed to the 

distance that separated the designers from the huge physical reality 

of the structure they were creating. 

Another weakness of the concept'was that the design had no 

provision'for preventing progressive collapse following the failure 

of a single member. This, of course, proved fatal: the latticing 

of the main chord 9L gave way causing the webs to buckle, causing 

overload of 9R, causing the progressive collapse of the whole bridge. 
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It is interesting to note that the main tubes of the Forth Bridge, 

which were conceived against the British background that preferred 

beam to truss construction, had more inbuilt resistance to overcome 

this eventuality. The reason for this difference between British 

and American practice will be discussed at some length later. 

These were all subsidiary factors that aggravated the disaster 

situation but they were not the primary cause of the accident. As 

outlined above, the Commissioners concluded "from the evidence and from 

our own studies and tests ... that the bridge fell because the 

latticing of the lower chords near the main pier was too weak to 

carry the stresses to which it was subjected. " They continued. .. 

"We also believe that the amount of those lattice stresses is deter- 

mined by the deviation of the lines of centre of pressure from the 

axis of the chords, and this deviation'is largely affected by the 

conditions at the ends of the chords. We must, therefore, conclude 

that although the lower chords 9L and 9R anchor arm, which, in our 

" judgement, were the first to fall, failed from weakness of latticing; 

the stresses that caused the failure were to some extent due to the 

weak end details of the chords, and to the looseness, or-absence of 

the splice plates, arising partly from the necessities of the method 

of erection adopted, and partly from a failure to appreciate the delicacy 

of the joints and the care with which they should be handled and watched 

during erection. We conclude from our tests that owing to the weak- 

ness of the latticing, the-chords were dangerously weak in the body 

-t. 
for the duty they would be called upon to do. We have no evidence to 

show that they would have actually failed under working conditions had 

they been axially loaded and not subject to transverse stresses 

arising from weak end details and loose connections. We recognise 

that axial loading is an ideal condition that cannot be practically 

attained, but we do not consider that sufficient effort was in this 

__.. . ý_ _S-__, -_-- __. __. -___ __... 
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case made to secure a reasonable approach to this condition. 

The Phoenix Bridge Company showed indifferent engineering ability 

in the design of the joints and did not recognise the great care 

with which these should be treated in the field. " 
8 

The quality and care exhibited by the Commissioners investi- 

gation strongly suggests that this verdict is correct, although it under- 

emphasises the undoubted fact that the actual mode of failure of the 

bridge was wholly unexpected - at the design and fabrication stages 

no-one dreamt that the main chord lattice was a critically weak part 

of the design. 

This, however, was the case, so the main present day interest 

in the collapse centres around how the situation arose in which the 

designers made such a serious mistake. As the background to the 

thinking and practices of the time is uncovered, it gradually becomes 

clear that Szlapka and Cooper were just doing things the same way that 

any of their contemporaries might have done, and that it was their 

misfortune-to have made the final fatal extrapolation of existing 

procedures. 

When the Quebec bridge design was first considered, the format 

of the struts was selected on an empirical basis. As Cooper reported 

in his evidence, "The form of the lower chord members in general was 

determined by two factors, first the desirability of a form that would 

not hold water and which could always be thoroughly inspected and 

painted and secondly requirements of the details necessary for the different 

joints in'order to connect the web members with the 'chords and to enable 

spliced plates to be introduced of sufficient value. " 
9 

Working on this basis the main load bearing material of the 

-º----- 
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struts was contained in four parallel webs (fig 4.3), the actual amount 

of steel being proportioned in accordance with Rankine's formula for 

square ended columns. This appeared to be a reasonable assumption 

since the connection at the end of the chord components was achieved by 

a system of spliced plates, the pin shown in the diagram serving only 

for the attachment of subsidiary members. 

So far so good. The Americans had learnt to give considerable 

thought and care to the overall behaviour of struts in the years after 

the Ashtabula Bridge fiasco of 1876, where the clumsy design of 

struts in the web of an ill-conceived iron Howe truss had led to 

' 10 
buckling, progressive collapse and the loss of eighty lives. (fig 4.10). 

The use of Rankine's formula for the overall behaviour of the 

posts presupposed that there was some system to stabilise the webs and 

make them act together. An attempt to do this was made by riveting 

a lattice of angle section members to the web, but unfortunately 

Szlaplca based his design on assumptions which could not be justified 

by experience or precedent. There were really two things which were 

imperfectly understood about the action of this type of latticing. The 

first was a problem of indeterminacy deriving from the fact that when 

this type of column is compressed by a load evenly distributed across 

its ends the force developed in the latticing is incalculable (fig. 4.11). 

This is because the web material is continuous past the lattice connections. 

Consequently the area of lattice provided has to be proportioned empirically. 

If, 'on the other hand, the load is applied eccentrically, additional 

forces have to be counteracted. Eccentricity induces bending of the 

section and this is accompanied by transverse and longitudinal shear. 

Providing a realistic estimate of the eccentricity is made, these forces 

can be calculated. 
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Szlapka, however, had very little in the way of precedent 

or past experimentation on which to base his estimates of the 

amount of imperfection to allow for. Thus he was unable to detect 

the fatal-weakness of the design procedure he adopted for calculating 

---- the shear forces developed in the web. He thought that the loaded 

column could be represented by fig. 4.111' and by applying the Euler 

bending equation he found an expression for the transverse shear S as 

S =, Fn. physical dimensions assumed allowable stress, f, (1) 
of column 

j jeccentricity ¬in%the 

material 

This could be simply related to the longitudinal shear S, by a 

1. 
straightforward application of elastic theory 

Sl = longitudinal shear in one panel length of 
Sl = 

SXQ (2) latticing 
S= transverse shear at end of panel 
x= length of panel 
Q= Moment of area about the central axis of 

J the chord cross section perpendicular to 
lattice plane of that portion of the 
web cross section which lies outside the 
given plane of longitudinal shear 

I= Moment of Inertia about same axis of whole 
chord cross section 

The value of the maximum stress developed in the main webs was derived 

from the Rankine experimental formula 

ff= maximum stress developed 

l+i'' where p= working stress allowed in the column 

l`r J (, = length of column 
r= radius of gyration 
cl = constant for type of column 

and this quantity substituted into Equations 1 and 2 enabled the lattice 
f 

area to be calculated. Herein lay the mistake, because equation 1 

is very sensitive to the value adopted for f. The Commissioners 

demonstrated this by using other experiemntal column formulae to find 

f for conditions which were nominally the same. The result was that the 

areas of lattice apparently required varied by a factor of ten, meaning 

of course that the mathematical calculation was useless for all 
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practical purposes. This was an anlytical blunder which slipped 

Szlapka's attention because he had no 'feel' for the type of 

column used. In his defence it can be said that the error was 

typical of an age which believed that accurate solutions to idealised 

problems served as realistic solutions to the problems encountered 

in practice. 
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4.4 Issues raised by the Collapse 

4.4.. 1 The Role of Experimentation in Design 

Under normal circumstances, testing would have been a natural 

way of checking the design, but Szlapka did not trust this method. 

Examined by the Commissioners after the accident he said, "There were 

no precedents for designing compression members of this magnitude. 

-Tests made on small pieces do not furnish adequate information for members 
" 12, 

of many times their size. " 

Szlapka's reason for mistrusting models was apparently that 

he felt that the actual components were so imperfection sensitive that 

no useful information could be derived from scaled down experiments. 

This of course condemned the process he actually decided to use, because 

if the models were bound to be inaccurate he had no right to expect the 

type of analytical approach he adopted to be any better. 

_u 

The Commissioners were puzzled by Szlapka's attitude and 

therefore undertook an historical survey to ascertain the value and 

limitations of scale models.. Firstly they made a survey of all 

column tests made in the United States and Britain before the 

accident; from these they found that the only series of experiments 

that gave any valuable information was the work done by Bouscaren 

in 1877-9.13 It is reasonable to assume that this particular study was 

a direct outcome of the issues raised by the Ashtabula accident previous- 

ly mentioned. The results were published by the American Society of 

Civil Engineers in 1880, and Bouscaren's paper describes his interest 
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in the correct proportioning of columns of the type shown in 

fig. 4.12 and in whether the constant cl in the Rankine formula 

for closed columns (q. v) also applied to openwork sections14 His 

series of seven tests suggested that the latter result was true, and 

this was accepted as adequate verification by the succeeding genera- 

tion of engineers. Concerning the former matter, Bouscaren did not give 

any attention to the proportioning of the latticing; his interest being 

limited to ensuring that the modes of failure shown in fig. 4.12 occurred 

simultaneously, he used a heavy lattice throughout the programme. 

The Commissioners felt that this work. was useful as far as 

it went, but that it did not really cover the subject thoroughly. 

Consequently they were most interested when the Phoenix Bridge Company 

announced its intention of making a one third size model of the Quebec 

.ýy Bridge anchor arm chord 9 (fig. 4.13). - This was tested to destruction 

in the large machine at the Phoenixville works. The failure of the 

specimen was sudden and unexpected: "The collapse of the column 

consisted in the failure by shearing of the majority of the lattice 

rivets at the central panel of latticing and of a considerable number 

of other rivets throughout the length of the column, in both flanges .. . if 

In point of fact, all the circumstances ofrthe test indicated that-- 

no main part of the column was stressed up to its elastic limit; in 

other words that the entire loading was insufficient to develop more 

than a part of the elastic resistance of the column as a whole 

and that if the latticing details had been stronger the column'would have 

carried a greater load before collapsing. The instantaneous 

failure was clearly due to the fact that the main parts of-. the 

column were subject to elastic stress only. "" 
15 

Comparing this report with the eye witness account of the actual 
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Fie 4.12. Bouscar_en's work on open columns, showing 
modes of failure investigated - overall 
buckiin, at right angles to the �ins (left) 

and local bucklin, of the C sections (right). 

Both modes occurred together in test 41, which 
Bouscaren took to be the ideal condition. 
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failure as quoted above it seems that the. model probably failed in 

the same way as anchor arm 9R. On the other hand 9L, the first 

member to collapse, may well have given way by buckling of the 

latticing. " Even if this was the case the model test showed quite 

clearly that the lattice was fundamentally less strong than 

necessary. This view was reinforced by the fact that the collapse 

mechanism revealed by the mödel was completely unexpected. In this 

way the value of model testing was strongly underlined. 

The history of column experiments revealed several things of 

which Szlapka was unaware, the most important being that structural 

modelling was a relevant adjunct to-analysis.. It also showed that 

the data provided for experimental formulae by tests had become 

obsolete because there was no provision for systematic revision. 

,__.. _ .. 
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4.4.2 Precedents for the Bridge 

The question that arises from this is whether there were 

- other aspects of engineering history which might have enabled the 

disaster to be prevented. Because there were no model columns 

directly comparable to the Quebec Bridge, the author decided to see 

whether similar columns had been used in earlier structures of 

comparable size and use. It was found that the Memphis Cantilever 

Bridge which was built to-the design of GS Morison in 1891 and 92 

furnished the only similarity. 
16 

This structure also incorporated multi-web latticed columns 

in its main compression chord (fig. 4.14). Like Szlapka, Morison's 

decision to adopt such sections was empirical; "The stiff chords of 

the central span, including one full panel of-the bottom chords of 

each adjoining cantilever, were made with four webs. This form of 

construction was adopted for two reasons. First to reduce the 

thickness of the metal and so to reduce the lengths of the rivets 

in the splices. With the present arrangement the maximum length of 

rivets is 3j ins ( 92 mm) between heads, and the larger part of the -. "" ý'- 

rivets are in double shear, the splices being balanced on the two % 

sides of each web, this being the condition under which the rivets are 

least likely to get loose and least likely to cause trouble if they 

become loose. The second object was to reduce the bending strains 

on the pins; the connections with the web members are all made in the 

narrow spaces between the outside and the interior webs, so that the 

pins, by which the who le'hü'rizontal strains are transferred to the 

chords are supported at four points, and the unsupported length is reduced 

to a minimum. The objection to high theoretical bending strains in pins 

is not so much the danger to the structure from the failure of the pins 



Fig 4.13" Phoenix Bridge Co. model of Quebec bridge chord. 

Fig 4.14. Memphis bridge chord. 

Fig 4.15. 
Quebec bridge 
joint - part 
pinned, part 
iveted. 
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as the fact that by the distortion of the pins the strains may be 

distributed unequally among the several pieces attaching to them. 

With the arrangement adopted here, this danger is reduced to a 

17 
minimum. 13 

Later he says he proportioned the chords "on a somewhat 

arbitrary basis, " but it is significant that he adopted much lower 

unit stresses and a proportionally greater amount of of latticing 
i" 

i8 than Szlapka.. As a result his bridge turned out to be safe and 

satisfactory. 

It might be argued that Morison's rule of thumb design 

invalidated the usefulness of the structure as a scientific precedent, 

'but-in the absence of other examples its very success made it a" 

meaningful yardstick. Used as a starting point for a series of 

exploratory tests, the evidence outlined above shows that there is 

no reason why Szlapka could not have developed a satisfactory and 

practical design from earlier works. It was just very unfortunate 

that he chose instead to adopt a pseudo-scientific approach which was 

based on unjustifiable assumptions. 
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4.4.3 Other Accidents 

With the Dee and Tay accidents, it was shown that the major 

collapse was actually preceded by a number of minor failures. due to 

- similar causes. A comparable pattern of events was found to 

exist in the years leading up to the Quebec collapse and the record 

of this gives further insight into the way a study of accidents 

can be used as an indicator of the current uncertainties in engineering 

practice. _ 

Take, fdr example, the problem of assessing and designing for 

secondary stresses. In the case of the Quebec Bridge. the main joints 

along the compression chord were of a hybrid form combining a pinned 

junction and riveted connections (fig. 4.15) so one of the difficulties 

facing the designer was how best to make a rational estimate of the 

bending forces induced by the non-axial transmission of loads through 

these junctions. Very little was known about this matter in 

America, but since secondary stresses had led to the collapse of 

a bridge in Germany some years previously quite a lot of information 

was available in that country. 

S. 

The German structure spanned the River Birs at Monchenstein, 

and had been in service for a considerable time before it collapsed 

as a train was passing overhead in June 1891 (fig 4.16). The accident 

created quite a stir and was reported extensively in the American 

'Railroad Gazette' as well as in similar British Journals. 
19 

The bridge, which carried a single track railway across a 42 m opening 

on a skew of 45° was a Ne'r! Ile truss with riveted joints (fig. 4.17) 

so secondary stresses were induced around the nodes. The Government 

Commissioners who examined the wreckage understood this. Working 

. from the evidence which showed that the collapse started when one of 



Wreckage of the River ßirs bridg-tt, �öne:: erstein, 

Fig 4.17 

Elevation wd plan of the River Firs bridge. 
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the web struts buckled, they reanalysed the structure, varying 

the assumptions made in the original design until their calculations 

fitted the facts. Among other things this showed that the 

secondary stresses were considerably in excess of those originally 

anticipated. 

" Another relevant accident was the collapse of a road bridge 

over the R. Morawa at Ljubitchevo in Servia during a loading test in 

1892 (fig. 4. l8) 
2'1 

In this case the fault lay with the latticing 

which connected the two channel sections of the main, compression 

chords (fig. 4.19). The bridge collapsed when the small bar sections 

gave way in the compression chord near the abutment. "This was the 

same mechanism that caused the initial failure in the Quebec Bridge, 

and in similar fashion it was an unexpectedmode of failure which 

occurred at a load way below the anticipated maximum. 

The same type of failure was recorded when a section of an old 

(1872) Schwedler truss bridge was. tested to destruction following its 

removal from a railway at Forst in Germany in 1893. To quote from 

the American Society of Civil Engineers' Transactions, "Under a 

uniform load of 6759'lbs/ft run (99.3 KN/m) the upper chords in one 

of the middle panels bent aside, the skew of 58° increasing the bending 

strains after deformation. The bridge withstood a stress of 38,000 lbs/in2 

(12.8 KN/m2) in the chords. and failed because the horizontal lattice 

with tie plates between the halves of the chords did not develop 

22 
the full strength of the H section. " 

These three collaýy s'es caused much interest in Germany; indeed 
rd . 

the third was part of a research programme. This concern was not shared 

by the Americans although the incidents were all reported in their 



Fig LIB. River ? °orawa bridge, Ljubitchevo, Servia. 

Fit; 4.19. Close-up of failed compression chord, 
River Morawa bridge. 
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journals. There seem to be two math reasons for this. Firstly, 

at the time of the accidents the causes described were somewhat 

alien to their own engineering practices. American bridge design 

had for along time been based on pin-jointed construction and the 

-assumption that loads would be transmitted axially through such joints. 

This situation was maintained right up to the 1890s. After that date 

a period of change began because it was found that older structures 

built with pin joints were not standing up well to the effects of 

repeated overloadings, which were the result of the vast increase in 
ý3 

locomotive and train loads (fig. !. 20). The joints often reached 

the end of their-serviceability while the main members remained quite 

satisfactory. This situation could be seen to be worsening since 

successive economic studies at the close of the century suggested that 

the viability of railways, depended on longer trains hauled by heavier 

24,25. 
The invention of the Westinghouse brake (1869) and locomotives. 

its universal adoption by about 1890 facilitated this. Bridge 

engineers reacted to the situation by introducing progressively more 

riveted details into their work and-structures such as the Quebec 

Bridge were typical products of the transition period. Had the 

German problems with secondary stresses been highlighted at this time it 

is probable that the Americans would have taken considerably more notice 

of their research work. 

The second reason that the Americans did not take much interest 

in the German collapses was that their attitude to the usefulness of 

studying accidents was coloured by the work of CF Stowell, engineer 

of the New York State Railroad Commission and his associate GH Thomson, 

M. Am. S. E.: In the last quarter of the 19th century Stowell collected 

a great deal of information about bridge failures with a view to isolating 

recurrent weaknesses in design and construction processes. For example 
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between 1878 and 1888 he recorded 251 collapses or partial failures of 

American truss bridges which led him to recommend several innovations 

as reported in widely circulated articles by ThomsonP7and in his own 

work 
S 

Firstly he suggested that engineers should be more careful 

in considering the critical loads on their structures, and used his 

records to show that bridges were wrecked sufficiently frequeni. ly by 

derailed trains to warrant special provisions to prevent this type of 

accident. He was also able to point out that overloading needed to 

be carefully guarded against and that some designers placed too much 

reliance on stress sheets when assessing the effect of real loads. 

Secondly his wide experience of collapses led him to recommend 

several very practical innovations such as the wider use of riveted 

construction, the adoption of solid flooring for bridge decks, 

strengthened portals, improved cross-bracing and web struts capable of 

sustaining transverse. blows. 

Unfortunately his method of presenting these findings and 

conclusions was completely tactless, useful suggestions being almost 

casually sprinkled among startling statistics and tales of spectacular 

disasters, "some of which were more or less irrelevant to his basic 

ideas (fig. 4.21). This greatly devalued his painstaking collection of--. - 

data, and aroused the anger and scorn of his contemporaries who saw 

him only as one senselessly trying to arouse public hostility and suspi- 

cion against those engaged in construction work. 
29 



Fig 4.21. Stowell &"Thomson 

report a bridge failure. 

Fig 4.22. Howe's patent truss bridge, c. I840. 
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4.4.4 Comparison with British Design Practice 

Having investigated the historical background of the primary 

cause of the Quebec accident, it is interesting to examine other 

aspects of the engineers work in similar perspective. One 

fascinating question that can be asked is why British and American 

designers reacted so differently to very different problems at more 

or less the same time. Put more specifically, why were the Forth 

and Quebec cantilever bridges just about as dissimilar as two 

structures masquerading under the same general classification could be? 

The former represented the highest pinnacle of 19th century engineering 

achievement while the latter was a nightmarish review of the weaknesses 

inherent in its design background. 

A partial answer to this question can be found by examining the 

notion that engineers on both sides of the Atlantic treated one another 

with ill-concealed contempt, the reason for this being that British and 

American engineering practices had very different backgrounds, which 

the respective practiicioners believed were the sole foundation of 

satisfactory construction work. 

However, taking a broad look back over the period of railway 

construction as a whole it can be seen that towards the close of the 19th 

century large projects'began b have more and more features in common, 

so had it been considered normal and acceptable to learn from modern works 

abroad as well as from those at home, the Americans might have taken and 

used the highly-successful concepts of the Forth Bridge to help create 

a satisfactory structure at Quebec. 

To elaborate on this theme, it is necessary to sketch in some of 
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" the relevant history of truss bridge design from both countries. 

West of the Atlantic the Americans had always favoured pinjointed 

construction. The earliest attempts at large scale bridge building 

dating from the last quarter of the 18th century were all fabricated 

from the supplies of good timber readily available on the north eastern 

seaboard where they were constructed. The structures were therefore 

based on principles of good carpentry governed by trenail joints and 

the size of planks available. During the early 19th century designs 

became progressively more rational - excessive redundancy was eliminated, 

cast iron joint boxes were introduced and a real attempt was made to 

eliminate all except axial stresses in the members. The picture of 

William Howe's patent truss of 1840, (fig. 4.22) clearly illustrates 

these features. 

When it was found that timber structures were inadequate for 

railway loads these principles were applied to metal construction and 

from about 1850 to the 1890s this type of thinking dominated design. 

It naturally affected the design of all the bridge components and none 

more than the compression members. Insistence on pinned joints implied 

that the transfer of forces through a junction had to be effected at 

a single point in order to avoid the development of undesirable bending 

and shear forces on the pin. This meant that tubular sections of 

the type favoured in Britain could not be used without unnecessarily 

complicated ends, and it led to the development of forms such as those 

shown in fig 4.23. The feature common to all of these was a 

concentration of material near the centroidal axis of the cross section. 

An empirical device for counteracting this defect is-shown in the 

stiffened strut fig 4.23 which was favoured by some builders until the 

old ideals were finally abandoned at the end of the century when it was 

found that pinned junctions simply could not be made strong enough to. 



Fig 4.23. The evolution of pin-.. 
jointed trusses. The top view is 

of a Pratt truss c. 1845; the 
lower one shows J. H. Linville's 
Steubenville bridge of 1863-64. 
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withstand the pounding of heavy trains. Riveted construction was slowly 
"s 

adopted and it was during the transition phase that the Quebec bridge 

was designed. Although the main compression chord junctions of this 

bridge were part-riveted, part-pinned, the chord cross section used still 

had a very high concentratiön of material near the centroidal axis. 

On the other hand, British practice developed along different 

lines. Right from the beginning, iron railway bridges were basically 

beam or arch' structures and even at the time of the 1847-9 Royal 

Commission on the application of iron to railway structures riveted 

construction was well established. This was largely because several 

of the leading bridge builders had close connections with the ship 

and steam engineindustries. . 
Soon riveted technology was applied to the 

construction of truss structures which as a result were treated more 

as beams than pinned frames. There is a note in the Commissioners 

Report of 1849 to the effect that'pinned trusses had been used 

experimentally. by Sir John McNeil on the Waterford-Limerick Railway 

back in 1842 but had soon shaken so loose that the bridges rapidly 

became unserviceable and had to be scrapped31(fig. 2.5 ). Judging by 

the types of structure favoured after 1850, the Commissioners report 

had a great deal of influence on the thinking of contemporary designers 

and it is'therefore not surprising that pin jointed trusses never 

really caught on in Britain. 

By the time the Forth Bridge was completed in 1889, British 

engineers had a long even if completely empirical acquaintance with 

the problems of secondary stresses induced at riveted nodes. They 

also knew the effectiveness of large tubular struts for carrying com- 

pressive forces; bridges such as the Britannia, Chepstow and Saltash 

structures had proved efficient and durable for 20-30 years when the 

Forth Bridge was planned. '' 
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Against this background, the least that can be said for the 

Forth Bridge is that its design was a logical extension of principles 

already existing. Struts and joints were designed on a huge scale, 

based on carefully considered concepts and tests, whereas the Quebec 

Bridge was based on a careless extension of existing theory. 

The Americans could certainly have learnt much from the design approach 

adopted by Baker and Fowler, and if they had realised that riveted cons- 

truction was the only way of providing really satisfactory junctions, much 

about practical detailing, because the British had long experience of 

this form of construction. - As matters stood, however, there were 

practical reasons why their structure could not in. any way be a 

duplicate of the Forth Bridge, The most important of'these was that 

American bridgework was nearly always fabricated in workshops far 

away from the site, which, as will be shown was another feature of the 

construction process left over from an earlier age. Nevertheless, since 

this was the case the size of individual components was restricted to 

the loading gauge of the railway between shop and bridge which consequen- 

tly precluded the-use of members on the same scale as those fabricated 

on the Forth Bridge site. 

Another point of contrast between British and American truss 

bridges was in the depth/span ratio adopted for-the superstructure. 

The Americans believed that greater economy could be achieved by using 

very deep structures, the governing factor for long spans being the 

need to provide adequate resistance to wind forces 
3L 

On the other 

hand, the British sacrificed maximum economy of the main truss chords, 

justifying their opinion by saying that material could be saved 

in the web and transverses bracing systems. The American claim that 

narrow structures could rest on narrower piers was offset by the fact 

that they had to provide more expensive resistance to the overturning 

effect of wind forces. In practice, it was found that neither system 
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had any marked superiority, as evidenced by the fact that towards 

the end of the century designers on both sides of the Atlantic tended 

to favour a'depth/span ratio of 

Nevertheless the vestige of the difference that had exited 

was reflected in the Forth and Quebec cantilever bridges (figs. 4.7,4.8), 

and it is just possible that it contributed to the accident. * Whereas 

the British engineers used a splayed geometry for the cross section 

and therefore made allowance in their calculations for members lying out 

of vertical, the Americans devised their bridge so that all the weight 

was concentrated in two vertical places. This was fine providing the 

assumption worked out in practice but would obviously have a severe 

and detrimental effect on the relatively slender compression struts 

(figs. 4.3,4.4) if'a distortion was allowed to occur. 

The British also made a special effort to develop a satisfactory 

material to meet their needs: 
3 

Obviously in a project of such magnitude 

it was important to economise on dead weight as much as possible, and 

one way of doing this was to use material of high elastic limit. 

Baker developed and tested a new grade of steel for the Forth Bridge 

project but the American designers were content to use an existing lower 

strength steel at unrealistically high stresses. ' 

Although this survey of the differences in design concepts does 

not pretend to be complete, enough has been said to show that in some 

measure both the Forth and Quebec designers were influenced by 

empirical decisions made by their predecessors. The Forth project 

was successful because the engineers recognised the need to work their 

design up from first principles so as to incorporate the best of 

existing technology. On the other hand the Quebec Bridge failed 
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because Cooper and Szlapka developed their design merely to fit 

existing theories and practices. What a pity, therefore that 

they did not take a careful look at the British structure rather than 

dismiss it, as Coöper did as "The clumsiest structure ever designed by 

man; the most awkward piece of engineering in my opinion that was 

ever constructed. An American would have taken that bridge with 

the amount of money appropriated and would have turned back 50% to the 

owners instead of collecting, when the bridge was done, nearly 40% in 

34 
-- excess of the estimate. " 

ý� 

N 
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4.4.5 Comparison with British management practice 

Passing on from design principles to the way the two projects 

were managed it was found that the two bridges were built within two 

very different frameworks. Comp^rison of these revealed some of 

the strengths and deficiencies of both systems. 

The British bridge wad designed by a consulting engineer and built 

by an independent contractor, a practice which had been used for most 

large scale work since the beginning of the Industrial Revolution in 

the second half of the 18th century. It had been found to work 

outstandingly well for large scale, innovatory, or unusual projects 

where it was more important to ensure a design carefully considered in 

all its aspects than a minimum cost of construction. Railways such 

as the grandiose Great Western and the London to Birmingham were built 

in this way, as were great structures such as Pont Cysyllte, the Menai, 

Saltash and Britannia Bridges. The system had only two real drawbacks; 

firstly that the onus was on the client to select the consulting 
I-n 

engineer and secondly that with smaller works contractors often knew 

better than designers how an economic structure-could best be constructed. 
f 

An example of a client taking insufficient care over the selection of 

a consulting engineer is furnished by the history of the Tay Bridge 

undertaking, where Bouch's previous achievements were hardly on a 

sufficient scale to recommend him for such a colossal task-, 

uneconomic use of the British'system is typified by the thousands of 

country stations built for the whole first generation of railways. 

On the other harld American practice represented a rather 

different business ethic. Right from the beginning, railways in the 

United States were built as commercial speculations. A few lines were 
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constructed to serve existing centres of population along the 

north-eastern seaboard but the vast majority of early lines were 

built in virgin territory opening up lands full of natural resources 

and opportunities but very little in the way of established 

civilisation q. The four and a half million immigrants who 

reached America from Europe in the period 1840-60 were generally 

, penniless people come to seek a better life. When they reached the 

new territories they were faced with staking a claim and literally 

wresting a. living from nature, either by farming or mining. Neither 

class-of people cared very. much whether their railroad was adequately 

built or whether it was a danger to the lives of newcomers. As a 

result the lines were built along the cheapest possible route. Heavy 

engineering works such as tunnels, long cuttings, high embankments and 

great bridges were avoided wherever possible, and having eliminated the 

need for these it was found that the British practice of separate design 

and construct functions was not the most economical system. 

In the early years, the Americans experimented with several 

different types of procedure. Some companies employed engineers to design 

the bridges which were then built by their own work force or by an 

outside contractor. 'Others'let design and construct contracts to 

outsiders who directed the work and often ran a factory capable of 

producing standardised components for a range of. spans. 

By the end of the 1860s this system had become dominant, and 

only a few experienced engineers were left working outside the 'design 

and construct' firms 
P 

Structures were designed by experienced 

specialists within the firms and constructed in shops specially 

equipped for the purpose, a procedure which ensured the economic 

benefits of mass production. The railroad companies had no control 

over the structure supplied and erected, and relied on the reputation 
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" and judgement of the contractor for its adequacy. 

To start with each firms operations were restricted to one area, 

outside which they usually only obtained contracts by invitation, 

but in the early 1870s competition became keener and some railrr3ds 

began to buy bridges solely on the basis of least cost. Because the 

buyers no longer employed bridge specialists, unscrupulous firms came 

onto the scene-whose only interest was in just satisfying the tender 

conditions. Since these normally consisted of a site plan, the length 

of spans, their skews and a statement of live loads to be carried, 

(generally a uniformly distributed load of 32.9 KN/m 
- one ton/ft) 

there was considerable scope for abuse despite an apparently comfortable 

safety factor. 

Naturally some firms were more conscientious than this because 

they saw that their future reputations depended on the quality of their 

existing work. Nevertheless, it gradually became-apparent that 

tighter controls were necessary to raise the general standard of 

bridge fabrication. 

The idea of an independent engineer preparing a detailed speci- 

fication for bridges was introduced by the Erie Railroad in 1873. 

The first specifications contained four types of stipulation :- 

1. a statement of the loads and other external forces supposed 

. 
to act on the bridge. 

2. the method to be followed in calculating the stresses arising 
from these forces. 

3. the permissible stresses for different types of members. 

4. certain empirical rules covering the design of subsidiary 
details. 

Because of the cut-throat competition among the prospective 
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contractors, there was always the temptation for them to whittle 

away at safety margins wherever possible. It was therefore important 

that these rules were made watertight -a requirement more or less 

tantamount to having a really sound theory to deal with every 

applied load, so it was hardly s"rprising to find that from about 

1875 there was a marked increase in efforts directed at establishing 

safe solutions to a whole range of practical problems. 

Once these were satisfactorily formulated perhaps the only 

really bad feature of the system was that it discouraged fundamental 

thinking among the engineers actually carrying out the design; they 

had no-incentive but to produce an economical structure to carry 

certain specified loadings. An enormous responsibility was thrown 

on the engineer drawing up the specification. This was not always 

reflected by high fees, probably because in some cases a range of 

projects could be covered by one set of specifications. 

Fashion changed as the railway building era came to its close. 

During the decade 1880-1890,1o5,600 1cm (65,600 miles) were added to 

the network bringing the total length of track up to nearly 277,600 km 

(160,000 miles), but the economic boom that this reflected faded out 

in the 1890s. There was a severe recession in the middle of this 

decade and this, coupled to accusations of malpractice and unfair 

tariffs, led to a drop in trade and a sudden decline in the number of 

new lines constructed. Most of the limited capital available was 

diverted into improving the existing network, a situation which in 

fact never altered because by the time the national economy fully 

. fig: 

recovered road transport' wäs coming into its own. 
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The improvement of existing lines rather than the construction 

/ 

of new ones frequently meant that a new direct route was built to 

replace an old circuitous one which had been constructed to avoid 

rather than overcome obstacles. In terms of bridge building this 

meant that a higher proportion tr? n heretofore. of new structures 

were large one-off jobs, and in this situation most railroad companies 

found it best to use the British system of employing bridge engineers to 

design and supervise new work, the fabrication and erection being 

carried out by an independent contractor. A survey made in 1902 
36 

showed that 33% of railway bridgework was being constructed along these 

lines. 49% of the remainder was let as design and construct contracts 

but where large projects were involved the bridge firms not infrequently 

brought in an outsider designer to direct their own drawing office 

staff (see table 4.2. nos. 2% 9,19, etc. ). Most of the last 18% 

was built to partly delineated plans, the railroad companies engineer 

specifying the distribution of members but not the type of jointing to 

be used. 

L) 

The competitive system became obsolete for several reasons. 

Firstly purchasers began to realise that in calling for design and 

construct bids for large contracts, they were in fact paying more than 

necessary for designs. For example, if a bridge company won one out 

of five contracts for which it tendered it was forced to pass on the 

cost of four rejected' designs to the purchaser of the fifth bridge. 

This was particularly wasteful where large structures were concerned. 

The objection that designs prepared by the railroad's engineer or by 

a consultant would be subject to innumerable and costly quirks of 

individual taste was countered by a trand towards similarity of practice. 

In 1905 CC Schneider, President of the American Society of Civil 

Engineers, commented on the progressive fusion of existing specifications 
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to promote uniformity of material, workmanship, detailing, permissible 

stresses and'construction methods 
3.7 

This was made easier by the lapsing 

or non-enforcement of many of the patents which had formerly covered 

details of design. 

No-one would deny that the design and construct system provided 

"a dynamic stimulus for the rapid technical developments of the 1860s and 

1870s. But by-1900 it was no longer adaptable to the ever more complex 

challenges of modern bridge building. It was anachronistic to believe 

that a set of fules could be drawn up to generate a major bridge, 

just as it was fundamentally wrong to call for design and construct 

tenders for the longest span in the world. And yet that is what the 

Quebec Bridge Company managed to do, although the British system of 

separate design and construct functions had already taken firm root among 

many of the leading American designers. 

ti 
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4.4.6 People 

Having delved into the historical background relating to the 

organisation of the Quebec Bridge project, it is interesting to, take 

thq investigation one stage further and to look at-some of the people 

involved in the work; 'to size them up and to assess their work 

against that of some of their contemporaries. 

For example, the appalling story of the Tay Bridge accident 

revealed the absolute necessity of employing a first class chief 

engineer a full twenty years before the ill-equipped Hoare was given 

overall control of the Quebec Bridge project. Of course, at the 

time he must have seemed an admirable choice because of his great 

organisational powers and his ability to control and win the respect 

of his workforce. Nevertheless, the Tay Bridge showed that proven 

technical skill in the erection of bridges had to be added to whatever 

other talents a chief engineer might possess. T9 pinpoint the very 

real weakness common to both these accidents it can be stated that it 

is unrealistic for the selection of a chief engineer to rest with a 

non-specialist committee or Board of Directors. 

In chapter 3, the author mooted the idea that the record of 

Bouch's earlier achievements was hardly such as to recommend him as a 

designer for the longest bridge in the world. Very much the. same 

applies to Szlapka, who as the ordinary design engineer of the Phoenix 

Bridge Company should never have been put into the position of 

designing something so much larger than he had previously attempted. 

Before the Quebec Bridge Project his principal works comprised the 

structures listed in Table 4.1, but even these smaller scale bridges 

were not wholly successful. 
0 



TABLE 4.1 

Major Structures designed by PL Szlapka 

.` 

Name & Date Main ººeight of Additional Notes 
Construction Commenced Spans Main Spans 

R. Ohio Bridge 1x150 m 
Cincinnati 1888 1x168 m 5000t 

R. Ohio Bridge 3x167 m £ longest simply supported 
Louisville 1890 -2700t spans ever built, 2 spans 

collapsed, 1893: 

R. St Lawrence Bridge 
3x111 m 

£ simply supported Pratt 
Cornwall (i) 1897 1500t truss spans. Pier failed 

& two spans collapsed, 1898 

R. St Lawrence Bridge lx256 m 1200t cantilever 
Cornwall (ii) 1898 

Quebec Bridge 1x549 m 33000t 
longest span in the world 

1901 cantilever 

R. Tennessee Bridge lx117 m 500t 
Decatur 1901 

R. Tennessee Bridge 
-1x133 m 650t 

S. Pittsburgh "1906 

J'4 ., 
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one of them, the Louisville and Jeffersonville Bridge was 

1, 

.1 

involved in a serious accident during 1894 when the material for two of 

the three giant 167 m (546 ft) simply supported spans was being 

erected. . First one and then the other of the two superstructures 

crashed into the water. A. though happening within hours of"ea-h 

other, the events were apparently unrelated, but whereas the first 

was just a simple construction error the second fall highlighted. 

a recurrent weakness in the Phoenix Bridge Company's organisation 

viz. poor communication between design office and site. 

Investigation revealed that a compression chord splice had been 

left temporarily bolted and cross-bracing only partially finished 

before the supporting falsework was removed. When a light wind started 
3g 

to blow across the structure the bridge just folded up and fell. Since 

the designers would never have allowed the bridge to be left in so 

unstable a state before removing the temporary works, the conclusion 

drawn is that no pne really explained to the site staff just how fragile 

the structure was during construction. 

The Quebec Bridge entailed problems on a much larger scale than 

any of thQ earlier works. Nevertheless finding himself in the role of 

designer Szlapka tried to bring innovatory features into the work. 

With hindsight this can be seen to have been another mistake because 

successful innovation is a specialised province that really belongs 

solely to a very small group of engineers who have learned to assess 

novelty, to judge risks and to back up ideas with experiments. This 

type of thinking is found behind great 19th century engineering works 

from Telford's Pont Cysyllte to the Britannia, St Louis and Forth 

Bridges, and it contrasts with the process adopted by Szlapka, who 

despised experiment and thought that the textbooks could provide solutions 
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to all the problems. It might be argued that the texts were at fault 

in not stating the limitations of the knowledge presented, but while 

this would excuse the designers of projects on a smaller scale it 

cannot be held to apply to a structure which was the largest of its 

type (table 4.2 and fig. 4.25). 

Of course, the Commissioners said that they felt that Szlapka 

and Cooper simply did not realise the scale of the structure they were 

't 
1 

building. If this really was the case, the collection and publication 

of data even as simple as-that shown in table 4.2 and fig. 4.25 would 

have brought home to them the magnitude of the step forward they were 

attempting. 

This remark leads to a discussion of Theodore Cooper's role in 

the project. It will be remembered that he originally undertook the 

preparation of specifications and the checking of completed plans. 

Although there is no evidence to show that the. Phoenix Bridge Company 

deliberately tried to find loopholes in the specifications in order to 

economise, it is plain that they did locate weaknesses because their 

design fulfilled the conditions without producing a stable structure. 

Judging by the smallness of his fee it is apparent'that neither Cooper 

nor his employers realised that his work was the effective control on 

innovation and therefore deserved the closest and most careful attention 

possible. In fact the money allocated to the consultant was so 

inadequate that he could not even employ extra staff to solve the day to 

day problems he was asked to deal with, so he devoted a lot of time to 

detail work which was more fitted to subordinates. 

Of course, it can be argued that Cooper was very much a victim 

of the circumstances which surrounded the running of the contract, 

For example it would have been much more satisfactory if he had been 



Table 4.2 

AMERICAN RAILROADS CANTILEVER BRIDGES 

Larg - Definitive 
Total est Reference 

Name Date Builder/Designer Use 
Length Span (where 

(m) (m) available) 
t 

Kentucky River 1876 C Shaler Smith, '"R 349 114 
Dixviiie designer (d) 

Baltimore Br. Co., 
Cincinatti S. R. R builder (b) 

D&C contract 

1 
Niagara 1883 CC Schneider(d) R 300 151 TransASCE 

Central Br. Works 14,1885, 

_(b) p 189 
CCS commissioned by 
CBW to prepare design 

Michigan Central R. R for D&C bid. 

3 
St John 1885 Dominion Bridge Co. R 250 146 

New Brunswick D&C contract 

L 
ouisville 1886 C Macdonald & R 748 146 TransASCE, 

R Ohio E lie. mberle (d) 17,1887 

Union Bridge Co. (b) - p 111 

S 
Lachine 1888 C Shaler Smith (d) "R 1098 -124 
R St Lawrence 

Canadian Pacific R. R 

Pt Pleasant 1888 R. 293 148 
R Kenawha 

7 
Tyrone 1889 R 487 168 
R Kentucky 

Louisville Sn. R. R 

Poughkeepsie 
1889 TC Clarke) R 944 167 

R Hudson Union Br. Co) main 
bridge 

Central, New England D&C contract 2858 
& Wn. R. R overall 

Red Rock 1890 W i{ Burr (d) R 302 210 TransASCE 
R Colorado JAL Waddel"1) 25, p 662 

Phoenix Bridge Co (b) 

Atlantic & Designers commis- 
Pacific R. R. sioned by P. B. C. 

/continued 



Table-4.2. continued 

Larg 
Total est 

Name Date Builder/Designer Use Length 
(m) 

Span 
Reference (m) 

10 

*R Forth 1890 B Baker ) 
(d) R 1635 522 

J Fowler) 

North British W Arrol (b) 
Railway Co 

II 
Memphis 1892 GS Morison (d) R&II 690 241 TransASCE 

Union Bridge Co) (b) 
main 29, p 573 

Baird Bros ) bridge 
1483 
overall 

Iz 
Cornwall Island 1899 PL Szlapka (d) R _ 257 128 
R St Lawrence Phoenix Bridge Co(b) 

New York & Ottawa R. R D&C contract 

13 
*Connel Ferry 1903 J Wolfe Barry(d) R 210 152 

Wm Arrol (b) 

Pittsburgh 1904 Boller & Hodge(d) R 428 248 
R Monongahela American Bridge Co (b) 

Wabash R. R. - 

15 
Thebes 1905 Noble & Modjeski(d) R 839 205 
R Mississippi American Bridge Co(b) 

16 
Quebec 1 1907 PL Szlapka (d) R 1006 549 Report of 
R St Lawrence Phoenix Bridge Co(b) the Royal 

Commission 
D&C contract of Inquiry 

Ii 
Blackwell's Island 1909 Lindenthal&Kunz (d), 

", _ . 
J&JI. 1272-, 

__, 
361 Reports in 

New York Pennsylvania Steel Engng. News 

. 

Co. (b) 
vols 59-62 
(1908-9) 

18 ' 
Beaver 1910 A Lucius (d) R 545 235 TransASCE 
R Ohio McClintic-Marshall 73, p 136 

Constr. Co. (b) 

19 
Sewickley 1911 AW Buel (d) if 565 229 TransASCE 

Fort Pitt Br. Works (b) 76, p 582 

- AWB commissioned by 
FBBW to prepare design 
Mr D&C bid 

20 
Quebec II 1917 CC Schneider R 549 
R St Lawrence It Modjeski, etc (d) 

R- railroad 
* British H- highway 
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directly involved in the design process from the moment the contract 

was awarded in 1900. This would have avoided the ridiculous situation 

-in which he drew up a specification which referred to an abstract idea 

in his mind rather than the real bridge. It would also have made 

- him more careful about checking the plans submitted to him, because, 

psychologically if not otherwise, it is undoubtedly harder to make 

a conscientious checkiof other people's work than of one's own. 

Health permitting, he would also have been brought into much closer 

contact with the reality of the problems encountered on site. 

These weaknesses of the American system seem so obvious when 

set against the great success of the Forth Bridge project39 but it is 

clear that no-one at the time foresaw trouble: Perhaps this was 

because the principal advocates and executors of the project were all 

very self-confident, even dangerously so. Neither Hoare nor Szlapka 

have left much published testimony (apart from-the Quebec Bridge Minutes) 

giving insight into their characters, but Cooper certainly did. His 

remarks on the Forth Bridge have already been quoted and his other 

writings include several contributions to the Transactions of the 

American Society of Civil Engineers. The most important of these (from 

the point of view of this study) is the paper on American Railroad Bridges41 

which shows certain aspects of Coopees character quite plainly. Firstly, 

that in his prime he had a first-rate, wide ranging and clear thinking 

mind. This is evident from the logical and illuminating quality of 

his text. Against this must be set a certain degree of arrogance, 

which comes across in the last two sections of. his paper in which he 

discussed Stowell and Thomson's work on accidents. fiere-he attacked 

the fact that Stowell published the records of 251 bridge collapses 

collected during a ten year period saying that the number of failures 

was insignificant compared with the amount of work successfully 

undertaken. He did not mention that the rate was higher than in other 
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countries nor-that a great many people were killed (Astabula bridge, 

for example, killed more than the Tay Bridge disaster. ) All in all 

his attitude was hard and inhuman, rather than humble or self-critical. 

Bearing in mind that the years after this was written brought 

him considerable fame and took from him the time to keep his 

thinking up to date, it seems quite likely that complacency may have 

had an influence, albeit unquantifiable, on the Quebec Bridge accident. 

"-.. 
_ .. r - -' I". r 

' .: 
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4.5 Conclusions 

In this study, a lot of space has been given to matters other 

than the primary cause of the collapse, although here, as in the 

earlier Dee and Tay Bridge studies a design error was sufficient in 

itself to have caused'the ultimate failure of the structure. The 

reason for the inclusion of material concerning systems of contracting 

and project management is that it was possible to use this to show that 

the unquestioned use of existing practices led to their application 

in a situation where comparison with other work, notably the Forth 

Bridge, showed they were anachronistic. 

By contrast it would not have been possible to do this with, 

for example, the Tay Bridge study where the many malpractices of cons- 

truction procedure could not have been predicted from anything other than 

the surprisingly low contract price. 

In relating the history of the Quebec accident it turned out 

that the main cause of the collapse, the failure of compression members, 

retold the now familiar story of design data used completely out of 

context and with insufficient experimental backing. Much effort has 

been put into investigating the background against which this situation 

arose and in presenting such evidence as might have prevented its. 

disasterous consequences. From this it was concluded that three 

things might have set the designers on the road to success: - 

Firstly, knowledge of the best and most advanced in contemporary 

bridge building practice at home and abroad; secondly, the accompaniment 

of design code and textbook information by statements outlining 

experimental backgrounds, intended scope and principal existing 
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applications and, finally, a record of accidents which were the 

result of unexpected modes of failure. 

It is interesting and not insignificant that these three 

conclusions correspond to those which would have set Bouch on the 

path to success thirty years earlier. 

1F 
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5.1 Introduction 

The last in this series of four case histories is concerned with 

the long suspension bridge built in 1938-40 to carry raod traffic 

across the Puget Sound at Tacoma in the State of Washington U. S. A. 

In fact to a certain extent the collapse of this bridge 

and the inquiry that followedI provided the impetus for the other 

studies, because an attempt was made by the Tacoma Bridge investigators 

and their contemporaries to see whether history provided precedents 

for the unexpected mode of failure that led to the collapse. For 

reasons of the time available for preparing their report, their 

investigation was neither thorough nor conclusive, but it touched on 

some very interesting issues which are amplified herein. 

, ý----- 
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5.2 History of the Undertaking 

The idea of a bridge at Tacoma Narrows to connect the Olympic 

peninsula with the mainland of the State of Washington was first 

suggested in 1933 (fig. 5.1), but for several years nothing was done 

because private entrepreneurs were unable to raise adequate capital 

to finance the crossing. This was because the traffic forecasts did 

not predict sufficient toll revenue to provide a reasonable return on 

the cost of construction which was itself difficult to estimate 

because of the unusually awkward problems associated with the swift 

currents and deep waters in which the main piers of a bridge at the 

Tacoma Narrows site would have to be built. Even when the State 

undertook to pay a considerable proportion of the cost it was 

considered essential to build the most economic structure possible 

because of the limited usage envisaged 
3 

Work really got under way in 1937 when the State of Washington 

created the Washington Toll Bridge Authority for the purpose of cons- 

tructing and operating toll bridges within the State. During the 

'following year grants and loans of %6,000,000 became available from 

public resources towards the cost of building the Tacoma Bridge and 

this enabled the Bridge Authority to proceed in-earnest. 

The State Highway Department investigated several alternative 

proposals before selecting a long span suspension bridge as the best 

structure for the site. Their preliminary drawings showed a main span of 

793 m (2600') and two side spans of 396 m (1300') all stiffened with 

a 7.6 m'(25') truss system. The width between the main cables was 

shown as 11.9 m (39')" 



FIg 5. I. The site of the Tacoma Narrows bridge 
l 
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This design was submitted to the consulting engineer for the project, 

'Leon S. Moiseiff, who had been selected by a group of three engineers 

representing the client as the most suitable authority to superintend the 

project. 

Moiseiff's standing in the profession was very high. 4 During 
i 

over 40 years as a bridge engineer he had been associated with many 

large suspension bridge projects either as designer or consulting 

engineer (Table 5.1) and'in association with his partner Frederick Leinhard 

he had been responsible for important developments in the use and appli- 

cation of Melan's deflection theiry, which had been introduced to the 

USA by DB Steinmann in 19135 This work had won for. them the 

acclaim of their contemporaries, and set them on a pedestal which was 

apparently above criticism 
Y 

__ 

Moiseiff did not like the design submitted to him 8 lie criticised 

the unequal height of the towers and the unpleasant (yet typically 

American) asymmetric effect thereby produced. More importantly, 

he considered that the bridge would not have adequate rigidity, partly 

because the stiffening truss was inefficient and partly bec. use the cables 

had too high a sag ratio (sag span = 
110). 

He also felt that the 

design would be more economical if the side spans were to be made 

----considerably-shorter in-relation to the-main span than the 1: 2 ratio 

proposed. 

All these considerations led him to reconsider the bridge 

superstructure more or less from scratch. First of all the main span 

was increased to 854 m (2800') and the side spans reduced ti) 33.5 m (1100') 

(fig-5.2). The idea of this was to stabilise the structure although the 

precise reason for the amount of the change is not clear from Moiseiff's 

report. 
9 



Asst. Engr. & engr. of design; Dept 
of Bridges, New York City 1897-1915 

Engineer of design, Delaware River Br. 1920-26 

Consulting Engineer: -' 

George Washington Bridge 1927-31 
Bayonne Bridge 1927-31 
Ambassador Bridge 1928-30 
Maumee River Bridge 1929-32 
Triborough Bridge 1934-36 
East River Bridges 1934-37 
Bronx Whitehouse Bridge 1936-39 
Tacoma Narrows Bridge 1938-40 

Board of Engineers: - 

Golden Gate Bridge '1929-37' 
San Francisco-Oakland Bay Br. 1931-37 

Table 5.1 Leori S. Moiseiff's career. 
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Within this geometrical framework, the actual proportions of the 

structure were generated from certain assumed loading conditions. 

14700 N/m (1000 lbs/ft) was taken to represent a congested load and 

10290 N/m (700 lbs/ft) a normal traffic density. These figures, which 

were considerably less than those assumed in the design of other large 

suspension bridges, corresponded to the American Association of Highway 

Officials 11-20 loading representing twenty ton trucks which was the 

normal sort of loading for a secondary main road. The low traffic 

density anticipated also resulted in two carriageways being considered 

quite ample for all needs, so the 11.9 m (391) width between the 

cables proposed by. the State Highway Department was retained. 

Provision was made for atemperature range of 22° C (± 40°* F) 

and for a uniform wind pressure of 1450 N/m2 (30 lbs/ft2) on the 

suspended span increased to 2425 N/m2 (50 lbs/ft2) for the towers. This 

latter assumption proved, in the fullness of time to be wholly invalid 

because it did not represent the critical wind load for the structure. 

Using these figures, the deflection theory, and the standard State 

specifications for suspension bridge detailing, Moiseiff and his"team ,,. 

outlined their bridge. A lot of care was taken to make the deck and 

roadway system as economical as possible, and after considering various 

proposals it was found that 113,000 N/m (7,700 lbs/ft) dead weight 

of. the Highways Department's design could satisfactorily be reduced 

to 8,300 N/m (5,700 lbs/ft). 

Much of the saving was effected by a change in the type of 

stiffening girder to be used. Moiseiff decided to abandon the Highways 

Department's truss system in favour of the relatively new and untried plate 

girder arrangement shown as a detail on fig. 5.2. Although this was 

only 2.4 m (8') deep compared with the 7.6 m (25') of the alternative 
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proposal and much shallower than the trusses in other recent work 

(Table 5.3)9 the unprecedented slenderness of the girder did not 

excite comment because Moiseiff was able to demonstrate that it was 

adequately rigid to sustain all the loads assumed in the design, brief. 

In1,. ed, since the arrangement would apparently produce a saving-of 

$300,000 in material and fabrication costs it seemed to be an extremely 

desirable innovation,. especially when this sum is set against the total 

estimated cost of the superstructure which was %3m. 

The process of designing and putting the bridge out to tender was' 

'apparently carried out between June and August 1938. In fact, by November 

1938 bids had been been received and a contract signed. This left 

very little time for critical appraisal of the design: once decisions 

were made they were acted upon straightaway. 

Nevertheless the design did come in for some criticism from the 

engineer retained by the Reconstruction Finance Corporation to examine 

the project to ensure that it was worthy of'a large capital loan. The 

engineer in question was Mr TL Condron, and he noticed that the bridge 

was exceptionally narrow for such a long, span (Table 5.3). 
1 

However, 

having checked with an independent authority (Prof. RE Davis of the 

University of California) that the lateral deflections induced by the 

assumed loadings would be acceptable he let the matter rest. Neither he 

nor anyone else considered the possibility that the narrowness and 

lightness of the bridge might lead to new and unexpected types of 

structural response. 

Work on the bridge piers began in November 1938, and progressed 

apace despite the difficulties of working in deep and fast flowing water. 

They were completed in September the following year, and this enabled the 

-- ---- - -- -- 
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Bethlehem Steel Company to make a start on the erection of the steel 

work. The main 128 m (420 ') steel towers were finished by January 

1940, and the whole of the structure was completed and opened to traffic 

- just six months later. 

In connection with the sequence of erection to be adopted for the 

suspended structure, a model had been made under the direction of 

Prof. FB Farquharson at the University of Washington, but it was soon 

found that this would have far wider applications than originally 

intended. This wis because longitudinal oscillations had been detected 
1 

in the main superstructure of the bridge. Nothing much was thought of 

these during the construction period but when the motions were observed 

to continue after the bridge was completed, even in light and steady breezes 

regular monitoring and experimental work was undertaken. For example, 

during August_and September 1940, Mr Eldridge (engineer for the Washington 

Toll Bridge Authority at the Tacoma Narrows site) took 250 sets of 

observations of targets mounted on the lampstandards along the bridge 

and from these he identified seven different modes of oscillation (fig 5.3)" 

The data obtained from these and other readings is, best summarised in a 

letter from Mr LR Durkee, Project, Engineer-, dated, -November-4th 1940: - 

(1) Motions of considerable magnitude, having amplitudes as high 
as 48tß-(1.22m) with frequencies- of-1'G per minute, have been 

observed with wind velocities as low as three or four miles 

per hour (1.3 - 1.8 m/s). 

(2) Motions of varying degrees of violence have been noted in winds 

up to 148 miles per hour (21 m/s). The violence of motion is 

not necessarily proportional to the velocity of wind. 

(3) The bridge has remained motionless at timesin wind velocities 

varying from zero to 35 miles per hour (0 - 15.6 m/. s) 

(4) There appears to be no difference in the motion whether the 

wind is steady or gusty. 

(5) Traffic loads appear to have no measurable effect on the motion. 

(6) Altogether, seven different motions have been definitely identified 

on the main span of the bridge, and likewise duplicated on the 
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model. These different wave actions consist of motions 
from the simplest, that of no nodes, to the most complex, 
that of seven nodes. The seven-node motion has been 
observed but once and had a frequency of 30 cycles per minute. 

__ 
(7) Amplitudes as high as 60" (1.5m) have been observed. " 

The site observations were backed up by work at the University 

of Washington, where research engineers were kept extremely busy trying 

to make a correlation between the complex behaviour of the bridge, a 

mathematical model and the laboratory experiments. The large number of 

variables involved (rigidity of cables, towers, deck, natural frequencies 

of these elements; nature of the wind, its static and dynamic effects, 

etc., etc. ) made the task extremely arduous but nevertheless some progress 

was made. To begin with the studies were mainly directed at preventing 

the observed undulations, so the work was concerned with finding the best 
12 

positions for stabilising devices. Results obtained from the 1: 100 

scale model suggested that tie down cables should be incorporated in the 

side spans 91.5 (300') out from each anchorage and that at the middle 

of the main span diagonal stay members should be placed between the 

desirable damping device. All these modifications were carried out 

during the summer and autumn of 1940. 
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5.3 The Collapse 

At the. beginning of October, attention was given to the question 

of preventing wave motion before it could build ups and a 1: 20 model of 

a"48.8m (160') length of the brida. j deck was built and tested in a wind 

tunnel to see whether the undulations were the result of wind forces. 

The results of the earliest tests showed that the lift forces 

experienced by the deck was very sensitive to the angle of attack of the 

wind. Since this was considered to be a possible cause of the oscillations 

various methods of stabilising the deck with fairings or by, holes 

drilled in the plate girders were investigated. 

This work was really only in its early stages when the bridge 

met with an untimely end. On the morning of November 7th a steady 

wind of 18.7 m/s (42 mph) began to blow across the bridge, and this 

induced a longitudinal undulation with 8 or 9 nodes (fig 5.3) 

and a frequency of 36-38 cycles per minute. By about 9 a. m. these 

vertical movements had become so pronounced that the bridge was closed 

to traffic. 

Subsequent events were recorded on a superb cine film taken by 

Walter Miles of the Pacific Bridge Company (one of the contracting firms 

for the bridge). The mid-span connection between cables and deck was given 

special attention and it was noticed that there was a considerable amount 

of relative movement in the longitudal vertical plane between the two 

systems. This reduced the stabilising function of this connection. 

At about 10 a. m. something quite unexpected happened. Whereas 

during all earlier observations the oscillations of the deck had always 

been a simple undulation in the vertical plane with the cables moving up 

and down in phase, a torsional movement now began to develop (fig. 5.5) 
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There was a node at mid-span but at the quarter points the deck 

twisted through about 45 degrees in each direction. 

Even at this stage Prof. Farquharson, who was meticulously 

recording every new event did not leave the bridge deck although with 

the acceleration of the wave motion sometimes exceeding that due to. 

gravity, he had an extremely rough time. He noticed that the twisting 

was increasing in amplitude but that the frequency was decreasing. 

Even at its most violent the motion was not great enough to cause 

significant sympathetic waves in the side spans. 

FarTuharson finally came off the structure at about 10.30 a. m., just 

before the deck began to break up. Firstly a piece of roadway dropped 

out at mid-span, then a 183 m (600') length of the suspended span near 

the west quarter point'where the twists had been greatest. By 11.00 a. m. 

the rest of the suspended structure in the centre span had fallen causing 

the side spans to sag and the tower tops to bend shorewards through about 

7.6 m (25 ft ), (fig 5.6). 
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5.4 Causes of the Collapse 

f 

The Federal Government ordered an Inquiry into the accident 

_ 
immediately after the collapse, and appointed three engineers to carry 

out the investigation. Glen Wo&. Jruff of San Francisco was joined by 

the celebrated designer of the George Washington and other suspension 

bridges, Othmar H. Ammann and a leading expert on aerodynamic problems, 

Dr T von Karmann, Director of the Daniel Guggenheim Aeronautical 

Laboratory at the California Institute of Technology. 

i 

The findings of this panel were somewhat tentative, reflecting 

the unfamiliar nature of the dynamic problem they isolated as the 

13 
principal cause of the accident. While they were able to state that 

"the excessive vertical and torsional oscillations were made possible 

by the extraordinary degree of flexibility of-the structure and of its 

relatively small capacity to absorb dynamic forces" they were unable 

to specify precisely what caused the oscillations or how the conditions 
15 - 

of resonance were created. Their report continued. "The vertical oscil- 

lations of the Tacoma Narrows Bridge were probably induced by the 

turbulent character of the wind action. Their amplitudes may have been 

influenced by the aerodynamic characteristics of the suspended structure. 

There is, however, no convincing evidence that the vertical oscillations 

were caused by so-called aerodynamic instability. Attie higher wind 

velocities, torsional oscillations, when once induced, had'the tendency 

to increase their amplitudes. " However, since they could not fault 

the way the structure had been designed to resist static forces they came 

to the conclusion that,. 'T11e criteria usually considered for rigidity against 

static forces do not necessarily apply to dynamic forces, " and that 

"Further experiments and analytical studies are desirable to investigate 

the action of aerodynamic forces on suspension bridges. " 
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During the following years a mass of literature was produced 

dealing with-all aspects of aerodynamically stable design and from an 

outline of some of this it iS possible to understand the cause of the 

collapse in more detail. 

The most important thing to be done was the finding of a 

satisfactory explanation fir the mechanism whereby' oscillations were 

initiated. Dr von Karmann showed that a trail of alternating eddies 

could be set up in the wake of a plate-girder stiffened bridge section, 

thus imparting a series of regular vertical impulses to the bridge deck, 

1 
and DB Steinmann showed how movements once started could build up to a 

dangerous amplitude by examining the behaviour of models such as those s 

shown in fig. 5.7. To quote from an article he published in 1954,16 

"Certain shapes or sections, when exposed to a steady wind or other steady 

fluid flow, will build up rapidly amplifying oscillations which, oddly 

enough, are transverse to the wind. Such shapes or sections are called 

unstable. Examples are a half-round with a flat face toward the wind, 

a 'T' section with head toward the wind, a flat vertical plate, a deep 

'H' section, a deep 'U' section, etc. When upward inclined wind strikes 

the flat vertical face of such sections (R fig. 5.7) the stagnation 

point is above midheight. This point determines the division of the air 

flow and hence the greater part of the flow has to pass around the lower 

edge of the section. This crowding of the flow lines represents increased 

flow velocity and consequently (by ßemouilli's Theorem) a reduction of 

pressure. Accordingly, we have the paradox: Upward inclined wind 

produces a downward inclined resultant. This paradox is always identi- 

fied with aerodynamically unstable sections. In the case of these 

elementary sections, downward motion of the section compounded with 

horizontal flow of the fluid produces a relatively upward angle of 

incidence. This in turn produces a downward resultant pressure. Hence 

an unstable section is subjected to a downward resultant wind action 

- -- -. -1 



Fig 5.6. The wreck of the Tacoma Narrows bricij e. 

Fig 5.7. Stethinan's model sections. 
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whenever the section is moving down and an upward resultant wind action- 

whenever the section is moving up; consequently the oscillation is 

amplified. The amplifying force of the wind is thus created and controlled 

by the oscillation, so that it is automatically synchronous with the 

oscillation, always in the same direction as the oscillation, and always 

in perfect phase with the oscillation velocity. " 

The correctness of this statement was checked by applying the 

,, 

-same line of thought to sections which proved to be aerodynamically stable, 

and showing that stability as well as instability could be explained by 

it. Furthermore, since, the explanation fitted the pattern of oscil- 

lations observed at the Tacoma Bridge reasonably well Steinman 

extended his research to make the results more generally applicable to 

complex bridge sections. Firstly, he made allowance for the time taken 

by the wind to cross the bridge at low speeds (low speed meant that the 

direction of the resultant force acting on the oscillating deck might 

be reversed as the wind passed over because at different stages of oscillation 

the wind would have different angles of attack. ) This meant that at 

certain low speed ranges normally stable sections might appear unstable 

and vice versa. More important, however, was the fact that with wide 

sections the possibility of torsional instability needed consideration. 

Steinman examined the three possible types of lift force action shown in 

fig. 5.8. and pointed out that L2 and L3 might produce a twisting motion 

of the cross section. 

Steinman then went on to devise wind tunnel tests using the lift 

and torque characteristic., $jaf small model sections to predict whether 

rrý 'a 
the full scale structure being investigated would be aerodynamically 

stable or unstable. This treatment eventually proved to have undesirable 

shortcomings that could not be remedied so experiments were devised using 

larger lengths of model which scaled accurately characteristics of the 
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prototype such as the natural frequencies and structural damping. 

Tests on these models proved reliable in predicting the motions to 

which any-particular bridge would be subject, and this method, 

further tested and modified by making models of existing structures, is 

still used today. 

The most satisfactory mathematical treatment of aerodynamic oscil- 

lation in suspension bridges yet devised has resulted from the adaptation 

of flutter analysis developed for describing the oscillations of 

aeroplane wings. The principal difficulty in using this technique lies 

in reproducing the aerodynamic characteristics of complicated sections 

mathematically, but where this can be overcome, the behaviour of decks can 

be predicted satisfactorily. 

"y 

.x 17 
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5.5 Historical Background to the Collapse 

As with the other three accidents, a study of matters and 

events related to the colläpse serves to place an apparently unique 

event into an interesting perspective. It was found that the nistory 

of suspension bridge development was sprinkled with clues which 

pointed towards the possibility of a disaster even more strongly than 

the histories of the other types of structure. Records of existing 

bridges told a tale of a drive towards greater economy and structural 

efficiency while reports of accidents or unexpected structural response 

showed that the mark had been overstepped. Finally the history of the 

specific weakness that led to failure revealed the familiar pattern of 

a design principle being extrapolated from conditions where it could be 

used safely into a situation where another, unanticipated type of 

structural response became dominant. 

With regard to the first of these topics, a whole range of 

information relating to the physical characteristics of important 

19th and 20th century suspension bridges was collected. This is 

presented numerically in Tables 5.2 and 5.3 and in figs. 5.9 to 5.12 

in the form of simple parameters. No attempt was made to devise 

complex comparisons because during the 175 years considered there have 

been such great changes in the design and construction of the bridges 

that the use of sophisticated parameters would be meaningless. For 

example the early bridges Soften had unstiffened timber decks and 

suspension chains of wrought iron links whereas later structures had 

wire cables and adequately stiffened decks made of wrought iron or steel. 

Akthough the live loads used for design have not on the whole increased 

17 
very much, the wide range of spans and the corresponding variety of dead 

loads that has to be considered (figs. 5.9-11) would again invalidate an 

involved comparison. Also the fact that suspension bridges are 
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basically a genre used for highway crossings means that a very wide range 

of traffic capactiy has to be considered; in modern times the extremes 

are represented by the George Washington Bridge (14 lanes of heavy 

traffic) and the first Tacoma Bridge (2 lanes of light vehicles). 

The actual parameters studied are thus very straightforward; the 

graph of span v. time (fig. 5.9)'shows that there has been a steady increase 

in the length of span attempted, with the exception of a very great leap in 
lg 19 

the 1930s (G. Washington & Golden Gate bridges). ' The next graph shows 

weight of spans plotted against time (fig. 5.10 a and b). This gives 

a crude measure of the response of the structure to vertically applied 

loads, the idea being that well designed structures with a low value of 

this. parameter are inherently more sensitive to the live loading. 

Whereas fig. S. lOb shows that in the early days of empirical design there 

was no guarantee that the use of a lot of material would produce 
.a 

satis- 

factory structure, fig. 5.10a (representing the vanguard of long span 

bridges) shows that the Tacoma Bridge was unusually light even among 

rationally designed structures. Fig. 5.11 is another measure of the 

same thing, this time in terms of the stiffening girder where the 

parameter depth of truss/span represents the bending characteristic of the 

system (again assuming that the design is reasonably efficient). This 

shows the very interesting result that there has always been a fairly 

clear lower bound (d/s 0.06) below which suspension bridges have 

always had a tendency to exhibit noticeable and often damaging oscillations. 

The reason for the period of about 70 years (roughly 1870-1940) during 

which there were no wind induced. troubles will. be discussed later. 

The last graph (fig. 5.12) examines a notion propösed by the 

20 
Tacoma Bridge Investigators that the parameter width/span could be 

taken as indicative of a bridge's torsional behaviour. Their idea was 

that a bridge would be more susceptible to torsion if the distance between 

the cables was relatively small, because, assuming the vertical movements 
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The lack of stiffening trusses in the nineteenth century meant 
that susceptibility to aerodynamic motions was a fairly random 
occurrence, the Menai bridge(i) being a good example of a heavy 
but unstiffened bridge that suffered fram this cause. In the 
20th. century, the Deer Isle (ii) and Thousand Islands bridges 
(iii), both of which required post construction stiffening 

r. ere much lighter than other contemporary structures. 
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, or ouspension bridges. 
In the 20th. century the Tacoma Narrows bridge 

had a lower value of this parameter than any comparable 
structure -a feature, (like the small deck depth) which 
therefore merited more careful consideration than it was 
actually given. 

Comparison with the early 19th. century struc- 
tures is again invalidated by the wholly empirical nature 
of those designs (c. f. fig 5. IOb. ). 
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of the cables to be more or less independent of the width of the deck 

a narrow deck would be more seriously stressed by out of step oscil- 

lations of the cable system than a wide one. Fig. 5.12 shows that the 

Tacoma Narrows Bridge was unusual in this respect among its' contemporaries, 

but that its behaviour could not have been predicted from the structures 

built in the 19th century. 

While, searching for precedents for the Tacoma Bridge disaster, it 

was found that at least three investigations were undertaken by American 

engineers interested in tracing records of earlier aerodynamic failures du 

during the months following the Tacoma Bridge fall. The one made by 

the Board of Engineers investigating the accident concluded that nothing 

of real value could be derived from such Nork because earlier collapses 

involved much shorter and much lighter spans. 
21 

The present writer thinks 

that the Commissioners expected too much from the records, much more for 

, 
22 

example than they expected from model studies. In a word, they were 

dissatisfied with anything other. tharl .a" direct.. 
"parall. 

l with the... 
.. 

Tacoma accident. . 

Rather more comprehensive case histories compiled by Prof. JK Finch 
23 

24 
and DB Steinman showed that certain 19th century collapses exhibited the 

typical oscillatory movements of suspension bridge decks and therefore ' 

could have suggested that it was necessary to guard against similar effects 

in modern flexible structures. 

This study amplifies their findings and scrutinises the speculative 

element of their work, expanding, modifying and showing the limitations 

of their investigations. Ready access to British source material made 

this study easier for the present'author than it was for the Americans 

because most of the significant early collapses occurred on this side of 
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All the bridges here discussed were highway structures designed 

to carry a uniformly distributed live load of about 3395 N/m2 (70 lbs/ft2) 

_ equivalent to a. crowd of people completely covering the roadway and 

foo, paths 
ý5 

The first recorded collapse was the'fall of the 74 m 

(260') Dryburgh Abbey bridge built by J&W Smith in 1817 to cross the 

River Tweed (fig. 5.13). To quote from Robert Stevenson's'account in 

the Edinburgh Philosophical Journal the bridge failed as a result of 
26,27 

extreme flexibility in both vertical and horizontal planes. "On 

15th January 1818, after this bridge had been finished about six 

months a most violent gale of wind took place. when the vibrating 

motion of the bridge was so great that the longest radiating chains were 

again broken, the platform blown down and the bridge completely destroyed. " 

"A number of persons who saw it ... all concurred in stating, that the 

vertical motion of the roadway of the bridge before its fall, was as 

nearly'as may be equal to its lateral motion and was altogether concluded 

to be such as would have pitched or thrown a person walking. along it into 

the river. " As to the cause of the accident, Stevenson concluded that, 

"The effects of gusts of wind often and violently, repeated, which destroy 

the equilibrium of the parts of"a bridge of suspension ... (stress) the 

importance of having the whole roadway and side rails formed in-the 

strongest possible manner". This solution was applied to the rebuilt 
28 

bridge (fig. 5.14), "The roadway was stiffened by aside parapet. Before 

this parapet was put ups during the repairs of the bridge, a gust of 

wind struck one end of the platform and raised it up above the level of 

the road. An undulating motion was thereby produced, running all along 

the bridge, and striking the other with a jerking motion; but since the 

fixing of the parapets this vibration is diminished. To steady the 

bridge further, oblique ties are attached to the bridge, and to piles 

on the bank (fig. 5.14). This is said to answer its intended purpose, 

ý_ rr rI"r t7,1 rr rr "r. "r, +« * , -. t., n+*ý«v. *ýr+rný"ti, ", n" 



1'ig 5.7.3. Sketch of the first 
Drybur h Abbey bridge. (18Th). 

The rebuilt Drybirgh 
Abbey bridge. 
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and to diminish the motion of the bridge in high winds. " 

Here therefore the notion was that gusts of wind could initiate a 

vertical oscillation of the bridge deck at its natural frequency. There 

is also a hint that gusts might occur regularly thus allowing the 

possibility of amplified vibrations. This view was doubtless the 

result of the observation that troops marching in step across such a 

structure produced the same type of undulatory motion. 

During the decade 1820-301 several pioneer suspension bridges 

were designed and built by Capt. Samuel Brown. On the whole these were 

not a tremendous success - the Union Bridge at Norham Ford (1819-20) was 

broken by a gale soon after its completion; the Brighton Chain Pier 

(1823) was extensively damaged by wind on a number of occasions and the 

Montrose suspension bridge of 1828/9 collapsed twice - once as a result of 

overloading and once in a high wind. Finally, the R. Tees Bridge at 

Stockton (1860) on the extension of the Stockton & Darlington Railway 

sagged in a most ungainly manner as soon as a train tried to cross it. 

Details of some of these bridges are shown in figs. 5.15 to 

5.20 and since it can be seen that the basic pattern did not change, very 

much it is sufficient to cover just two of the collapses in more detail. 
i 

Accurate reports exist pertaining to the Brighton Chain Pier 

and the Montrose Bridge. The Brighton Pier had four spans of 78 m (2551) 

each consisting of a wrought iron chain suspension system supporting a 

highly flexible timber decking which rested on longitudinal wrought iron 

stringers (fig. 5.18)" 

Wind damage in 1833 was noted in Weale's 'Theory Practice & 

Architecture of Bridges', where a Mr Noble observed, "that a rapid undulation 
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was produced in the platform and that parts of it were at length forced 

upwards, the suspending rods at the same time rising, displacing the 

heavy saddles and deranging the whole of the chains. " . 
30 

in 1836 much-more extensive damage occurred, witnessed by a 

sizeable crowd including Lt. Col. Reid of the Royal Engineers, who 

happened to be staying in Brighton at the time 
31 

The date was 

29th November, and during the forenoon a stiff breeze blew up, parallel 

to the shore but perpendicular to the pier. This caused the deck to 

oscillate up and down. As the wind increased in violence, the 

structure began to sway from side to side. At last the flimsy 

railing on the east side of the span began to break up and this caused 

a marked increase in the amplitude of the undulatory motion. The loss 

of one hand rail caused the undulatory oscillation to switch to a 

torsional mode "so that whilst half the, top of the road was seen as 

one end of the span, half the under part of the road was visible at the o 

other end. 1132 (fig. 5.17). This single node twisting caused the 

decking to break up entirely. 

Thus the chain pier failed in more or less the same way as the 

Tacoma Bridge 104 years later. It is significant that the structure was 

always susceptible to longitudinal undulations but was eventually destroyed 

by a torsional mode. In a way Reid's conclusion was also relevant "Had 

the roadway been stiffened either by a good trussed railing or otherwise 

it probably would have withstood this storm"'. 
33 

11-vJ 

Fig 5.19 shows the stiffening adopted in the rebuilt structure: 

chains g. f. g. in fig. 8 were devised 'to steady the bridge against swaying 

motions while the segmental 'truss' (fig-3 and bc in fig. 2) acting in 

conjunction 
with chains b. n. b. (fig. 1) were intended to dampen undulations 

These empirical measures proved effective until the eventual destruction 



Fig 5.15. The Union bridge, Norham Ford. 

Image removed due to third party copyright

Image removed due to third party copyright



I 

Fig 5.16. Stockton on Tees suspension bridge. 
Samuel Brown, engineer. 
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Fib 5. I8. Brighton Chain Pier, looking 
towards the shore. 

Fig 5.19. Brighton Chain Pier, showing 
strengthening �ieasures incor- 
porated after the storm of. 
Nov 29, I8366. 
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Fig 5.20. Montro: e Suspension br-L, 4. f--, e, 
after wind cia a&e in IS33. Detail.. °f 
: some other bridges are also 

Fig 5.21. iiarmersmith suspension bridge. 
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of the bridge in a gale of 1896. 

-The collapse of the Montrose suspension bridge on 4th 

September 1838 confirmed the need for satisfactory stiffening of bridge 

decks. This tructure was considerably more daring than the Brighton 

Chain Pier having a main span of 132 m (412') supported by chains of 

wrought iron links (fig. 5.20) while retaining a deck system which was 

basically the same as that employed at Brighton. 

The fall was reported in the Civil Engineer and Architects 

Journal, which based its description on an account in the Kontrose 

"On the occasion of a westerly gale, 11 the reporter wrote Review. 

"the bridge has been frequently observed in a kind of undulatory motion, 

but on Thursday afternoon, about dusk it rocked like a vessel tossed 

by an angry surge and at the height of the storm the platform separated 

nearly at the centre, and, to-the e)tent of about 130 feet, was almost 

instantaneously torn up by the violence of the hurricane and disappeared 

in the highly agitated waters below. The main chains indeed had stood 

firm but almost all the tension rods were twisted and bent from their 

position and many broken; and, independent of the large portion of it 

carried away, the platform had, by the extraordinary vibration of the-"-- 

bridge been detached six or seven inches from the stonework-at each end. " 

Since the bridge had been undulating in its normal mode through- 

out the afternoon it seems that there was a switch to a torsional motion 

just before the collapse -a point missed by two well known engineers 

(J M Rendel & Col. CW Pasley) who visited the scene a day or two after 

the accident and reporýt&f vn the collapse 
36 

(Pasley to the 

Institution of Civil Engineers, Rendel to the owners of the bridge 

and later to the I. C. E. ). 
37 
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Pasley did, however, point out that only bridges of-the 

Hammersmith type consistently withstood the development of oscillations, 

thus indicating the usefulness of substantial longitudinal trussing of 

the bridge deck (fig-5.21). He said that the cause of the collapse 

was due to the wind 'acting from below' i. e. he conceived that gusts 

with a pronounced upward motion acted like an impulsive force on part "r. 

of the deck, raising it until its elastic -resistance or a lull in the wind 

caused it to drop back again, thus generating oscillations throughout. 

the span. The only explanation he could offer of a continued oscillatory 

motion was that the gusts were repeated regularly enough to maintain 

t 
t 
1 

the movement. 

Pasley closed his paper by saying that he thought the Menai Bridge, 

as another example of'a long, exposed, but unstiffened crossing might 

well fall victim. to a gale. His words were borne out almost immediately 

because a storm of Jan. 6th/7th 1839 broke the roadway of that 

structure at mid-span and caused a temporary stoppage to all traffic. 

(fig. 5.22). The accident prompted W. A. Provis,, the engineer-employed 

to look after the bridge after Telford's death in 1834, to write 
'a 

paper 

" 38 
about the effect of wind of the superstructure, although in this instance 

no-one had witnessed the actual, collapse because it had taken place in the 

middle of the night. Nevertheless, wind induced movements had been 

observed on other occasions so he had quite a lot of value to record. 

Indeed, the very week the bridge opened a torsional oscillation had 

been noticed. "The movement of this undulatory wave was oblique with the 

lines of the bearers as well as with the lines of the bridge. Id other 

words, when the summit of the wave was at a given point on the windward 

side of the bridge it was not opposite this point on the leeward side . . 
39 

"The motion was observed to be greatest about half way between the 

pyramids and the centre of the bridge. " This had caught the engineers 

unawares, because although Telford had made provision for longitudinal 

undulation (strangely enough not by-stiffening the deck but by making 
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Fig 5.22. The Menai Bridge after the 

storm of January 6/7,1839. 

/ 

Fig 5.23. Cross-section of the 1. ': enai 
brit, ;e 3Eýck, siiorint; the empirical 
sti2feninrý arpiiea after the storm of 

1839. 
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provision for movements of this type to take place without damaging 

the superstructure) he had not envisaged torsion. Twist of the deck 

interacting with connection details devised to keep the suspenders 

vertical brought about failure of these components. Again, this can 

be put down to a lack of sufficient theory to explain the dev: Iopment 

of oscillations. After the 1839 storm the deck was stiffened (fig. 5.23) 

by the addition of heavy longitudinal timbers and an extra layer of 

deck planking. In the present authors opinion the extra weight 

(which amounted to several hundred tons) rather than the additional stiff- 

ness actually stabilised the structure, which remained practically 

unaltered until it was completely rebuilt 100 years later. 

As to the cause of the accident, Provis was sceptical about 

Pasley's theory about puffs of wind acting from beneath the structure, 

because he did not think there was any evidence to support this theory. 

He hinted that the reason for the oscillations might be pressure 

differences between top and bottom surfaces of the deck, but he could 

not explain satisfactorily how these might arise. 
' 

.I 

To round off this picture of the knowledge of early British 

engineers regarding aerodynamic forces, mention should be made of the 

Cliftdi sus`pensiöri Bridge-which was the last major example of the genre 
41 

constructed in the 19th century. Here'the 214 m (702') span was 

stiffened with a 1.06 m (3.5') wrought iron plate girder (fig. 5.24). 

This, in- conjunction with great weight and a lattice girder handrail 

cantilevered outside the line of the chains, was found to control 

wind-induced movements to "a slow and stately movement of the structure, 

which manifests itself by a rising and falling of the roadway about 

1. halfway between the centre and the abutments ... The maximum rise and 

fall was 6 inches above and 6 inches below the mean level of the roadway. " 

No_comment was made about the cause of the undulations but for all intents 



Fig 5.24. Clifton bridge, Bristol, England 
(completed 1863 as a memorial to 
its original designer, I. K. Brunel) 

elevation and detail of stiffening 
truss. 

I 
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and purposes the problem seemed to be solved. 

In summary, each of the British accidents was due to 

oscillations induced by wind action. On each occasion a practical 

solution to the problem was considered much more important than an 

understanding of the cause of the movements. Empirical stiffening 

measures eventually led to the construction of satisfactory structures, 

but they masked the real problem, which was not investigated because of a 

lack of facilities or techniques for fundamental research. The fact 

that there were several similar collapses in succession spotlights the 

need for the systematic reporting and assessment of accidents. 

The collapse of a suspension bridge at La Roche - Bernard in 

France merits inclusion in this survey since it was the subject of an 

extensive investigation (by the General Council of the Ecole des ponts 

4z- ' 43 
et chausees) which was reported in America as well as France (fig. 5.25). 

The 196 m (642') span fell in broad daylight on October 26th 

1852 but such was the violence of the storm and the suddenness of the 

final collapse that no one who witnessed the accident was able to give a 

coherent account of what happened 
4ý 

Nevertheless the investigators took 

great pains to establish the cause, trying to correlate what they know 

of suspension bridge oscillations with the evidence of the wreckage. 

They came to the conclusion that the two preceding days of storm and 
L 

squalls had subjected the bridge to so many violent impulses (resulting 

principally in longitudinal undulation) that eventually the timbers had 

all shaken so loose that ultimate destruction by sideways swing in a 

really fierce gust was inevitable. 

The only weakness in their otherwise excellent discussion was 

the same as that affecting the British reports, vis. the lack of 

1 



Fig 5.25. The old bridge at La Roche Bernard. 

1 

Fig 5.26. The, rebuilt bridge at La Roche 
Bernard, showing the counter- 
cables added to the structure. 

Fig 5.27. The Essex-T,:, r; i; nac1c ,, uspenýion 
bridge, J "Finley, engineer. 
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sufficient explanation of the cause of regular disturbances. They 

considered the initiation of a steady up and down motion to be the 
45 

result of regular gusts, but regarding the development of torsional 

oscillations they had nothing to say except that these were always 
6 

present in high winds 
4 

Since the French fully recognised th^ danger 

of these 
the 

conclusion that has to be accepted is that the problem was 

just as far beyond the techniques available for investigation in France 

as it was in Britain. 

The evidence concerning American collapses is significantly vaguer 

than that relating to the British and French failures. As suggested 

elsewhere this is probably because reliable technical journals, 

covering the. whole of the country, were not established until considerably 

later than their British counterparts. Lack of records may therefore 

explain the fact that American suspension bridges apparently had fifty- 

. years of satisfactory development before the first aerodynamically 

induced collapse. 

On the other hand it may be that American structures were inherently 

more stable than contemporary work in Britain. Certainly the bridges 

constructed by James Finley from 1796 onwards incorporated a satisfactory 

system of deck stiffening (fig. 5.27) built along the same lines as the 

trusses used for trestle and arch bridges. Nevertheless the 

function of the stiffening truss was not completely understood. Finley 

did not discuss the function of the stiffening truss in the paper he 

wrote describing his system of bridge building but merely said that it 

ought to be made continuous, 
4"9 

so when Charles Ellet built the light 

wire cable bridge across the R. Ohio at Wheeling in 1817-9 he did not 

see any reason for incorporating a stiffening girder. With a main span 

of 308 m (1010 ft), a width of 7.3 m (24 ft) and a suspended weight of 

250 tons this was far and away the worlds longest and most daring span. 
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Soon its undulations and an involved law-suit with the navigational interests 

brought it additional fame, as did its dramatic and untimely end on 

, 7th May 1854. On the following day the 'Wheeling Intelligencer' carried 

an eye witness account, "We went up on it, as we habe frequently done, 

enjoying the cool breeze and the undulating motion of the bridge ... we 

had been off the flooring only two minutes, and were on Main Street 

when we saw persons running towards the river bank; we followed just in 

time to see the whole structure heaving and dashing with tremendous force. 

For a few minutes we watched it with breathless anxiety, lunging like a 

ship in a storm; at one time it rose to nearly the height of the tower, 

then fell, and twisted and writhed, and was dashed almost bottom upward. 

At last there seemed to be a determined twist along the attire span, 

about one-half of the flooring being nearly reversed, and down went the 

immense structure from its dizzy height to the stream below, with an 

appalling crash and roar ... The great body ... swayed to and fro like 

he-motiotrof-a-pendulum. -Each-vibration giving it increased 

momentum, the cables ... were literally wrenched from their fastenings. " 5O 

J 

Although other sources suggest that a tornado may have suddenly 

-hit the bridge) it seems more likely that what the reporter observed was 

the transition from simple longitudinal undulations to a dangerous and 

destructive mode of torsional oscillation with a node at mid-span. 

This is borne out by the fact that after the collapse a central portion 

of roadway 60 m (200') long remained with gaps of 152 m (500') and 

-9l m-(300') to east and west respectively 
S2 

This suggests violent 

movement at the quarter span points with a node at. the centre line. 

(The collapse sequence would not be the same for the Tacoma Bridge 

because the Wheeling Bridge did not have a mid span connection between 

cables and deck. 
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As in the British accidents no attempt was made to correlate and 

assess accounts of the collapse so the possibility of isolating and 

understanding the cause of the trouble was again missed. 

Only one other 19th century American bridge collapsed as a result 

of aerodynamic forces. This was the Lewiston-Queenston bridge at 

Niagara Falls built by EW Serrel two years after the Wheeling Bridge, 

with a span of 318 m (1043'). (fig. 5.28). Here the stiffening 

was provided by the side railing and by cables stretching from the 

underside of the bridge deck to the valley walls (fig. 5.29). These 

Buys were detached in an ice jam of 1864 and not refastened when the 

blockage cleared.. Their effectiveness was clearly demonstrated because 

a storm destroyed the bridge shortly afterwards. As the Engineering 

News reported, "When a heavy gale swept down the chasm, the guys were 

still unfastened, and after being swung back and forth by the hurricane, 

the bridge floor parted on the morning of ist February 1864, and a large 

5lß 
portion-of it fell into the river. " 

Another example of an aerodynamic collapse that is sometimes cited 

is the fall of Samuel Keefer's, Niagara Falls-Clifton Bridge in 1889. 

This in fact was caused by the aerostatic action of the wind and is 

therefore not included in the present survey. The bridge was 

stabilised by tie down cables which acted effectively until one of them 

snapped in a high wind, thus allowing the bridge deck to sway horizontally. 

One by one the suspension rods broke and led to the progressive collapse 

of the bridge deck. Since there is a record of the size of the deck 

stiffening, the structure merits inclusion in the table of bridges (table 

5: 2) as a hybrid which was unstable as a purely suspension structure. 

These, then, are the hazy records relating to American collapses. 

No further relevant information was found despite an extensive search. 



Fig 5.28. Elevation and cross-section, 
Lewiston-Queenston bridge. 

Fig 5.29. Detail of the stiffening truss, 
Lewiston-Queenston bridge. 
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Taken by themselves they are useless, but if they had been logged 

along with the European records and had been left on offer to the 

engineering profession as the history of an unsolved problem the 

Tacoma Bridge disaster could have been anticipated and aroided.. 

A question that arises from the early accidents is why the 

experience of the 19th century was forgotten. * The answer can best 

be sought by examining the evolution of suspension bridges during the 

100 years between the first collapses and the Tacoma Bridge accident. 

1' 

In Britain, the earliest suspension bridges, with the exception of 

designs by Tierney Clark such as the bridge at Hammersmith (fig. 5.21) 

were built for common highway loads with no more stiffening than that 

required to maintain a level roadway between the individual suspension 

rods. Normally the limiting criterion was a crowd of closely packed 

people representing a load intensity of about 3395N/m2 (70 lbs/ft2). 

In consequence the bridges did not stand up to abnormal loads -a crowd 

watching a boat race at Yarmouth rushing from one side to the other as 

the competition passed beneath broke the bridge there in 1845 (see 

frontispiece) and a similar fate befell the Montrose bridge in 1831. 

In the same year, marching troops happening to cross the bridge at 

Broughton at its resonant frequency caused that to collapse beneath them. 

Other bridges failed to withstand wind forces, as previously related. 

The same problems did not arise in America because there the 

pioneer designers gave their bridges adequate stiffening. James Finley, 

for example regarded co9t2. nuity of the deck system between the abutments 

as very important. Nevertheless both at home and abroad there was a 

definite move towards greater rigidity in about 1850. In Britain the 

wind collapses and, the hopeless-failure of the railway bridge built to 
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carry the Stockton and Darlington line over the River Tees showed that 

something more rigid was required. As Robert Stephenson reported. in 

1846 this bridge proved to have wholly inadequate stiffness: 

'The injurious consequences attending the ordinary mode of employing 

chains in suspension bridges was brought under my observation in a very 

striking manner on*the Stockton & Darlington Railway, when I was called 

upon to erect a new bridge for carrying the railway across the River 

Tees, in lieu of an ordinary suspension bridge, which had proved an entire 

failure. 

"Immediately on opening the suspension bridge for railway traffic, 

the undulations into which the roadway was thrown, by the inevitably unequal 

distribution of the weight of the train upon it, were such as to threaten 

" the instant downfall of the whole structure. 

"These dangerous undulations were most materially aggravated 

by the chain itself for this obvious reason - that the platform or 

roadway, which was constructed with ordinary trussing, for the purpose of 

rendering it comparatively rigid, was suspended to the chain, which was 

perfectly flexible, all the parts of the latter being in equilibrium 

The structure was therefore composed-of two parts, the stability of the-one 

being totally incompatible with that of the other; for example, the 

moment an unequal distribution of weight upon the roadway took place, 

by the passage of a train, the curve of the chain altered, one portion 

descending at the point immediately above the greatest weight, and 

consequently causing some other portion to ascend in 'a corresponding 

degree, which necessarily raised the platform with it, and augmented 

the undulation. 

I'So seriously was this defect found to operate, that immediate 

steps were taken to support the platform underneath by ordinary trussing: 

in short, by the erection of a complete wooden bridge, which took off a 

large portion of the strain upon the chains. If the chains had been 

wholly removed, the sub-structure would have been more effective; but 
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as they were allowed to remain, with the view of assisting, they still 

partook of these changes in the form of the curve, consequent upon the 

unequal distribution of the weight, and eventually destroyed all the 

connections of the wooden framework underneath the platform, and even 

loosened and suspended many of the piles upon which the framework rested 

and to which it was attached. " 
55 

The result of this experience and the wind induced collapses was 

a quest for more rigid structures. The hybrid arch/suspension Royal Albert 

Bridge at Saltash was a product of this search, but by and large suspension 

bridges were never again favoured for railway transport in Britain. 

The rigidity problem was considered by research workers such as 

Rankine who produced a method for proportioning stiffening girders in 

1858. Many large road bridges, of which the Clifton bridge at 

Bristol (1863) was the largest and most famous were designed on this 

56 
basis. 

Rankine worked from the assumption that the bridge deck would be 

sufficiently stiff to distribute any system of applied loads evenly over 
57 

the whole of the suspension system. In practice, this meant that a 

continuous stiffening girder was necessary, which for ease of analysis 

was assumed to have pinned end connections at the towers (Another case 

investigated had an additional central pin). 

From these studies it was shown that a composite suspension/girder 

system having the same strength as a simple girder was satisfactory if 

the stiffening truss had half the strength required for an unassisted beam 

spanning the same distance. This of course meant a much heavier deck 

than would'formerly have been considered sufficient. 
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It is important to note in passing that these studies were only 

concerned with the 'static' effect of live loads and did not treat dynamic 

or wind loads which Rankine presumably hoped to cover by making conservative 

assumptions. 

In America, the leading proponents of suspension bridges in the 
' 

second half of the 19th century were John Roebling and his son Washington. 

The Niagara Falls Railway bridge of 1855 set a pattern for extremely heavy 

structures with stays and tie downs as well as stiffening girders aimed at 

damping every type of oscillation induced by traffic or wind. No doubt 

the failure of Wheeling Bridge influenced Roebling's decision to build 

very heavily. 

Even where highway loads were concerned, John Roebling aimed at 

making an extremely rigid roadway. For example, when the 322 m (1057') 

Cincinnati-Covington Bridge over the R. Ohio was completed in 1867 he 

proudly announced that he had made it strong enough for trains although 

no lines were actually laid across it: 
9(fig. 

5.30). This bridge again 

had stays and counterstays as well as stiffening girders and a very 

heavy deck to insure its stability. The emphasis nevertheless was 

definitely on making provision for heavy traffic and not primarily for 

resisting high winds. However, when it came to making wind calculations 

(of the uniform load type) it turned out that the bridge had enormous 

reserves of strength against even the most violent hurricane 
o 

No 

calculations were made for dynamic wind forces, but it is clear that these 

effects were completely masked by the general massiveness. of the structure. 

Later designers followed Roebling's example by building bridges 

which derived a good deal of their stability from sheer weight, although 

a reaction which checked the greatest excesses was provided by the 
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introduction of the so-called elastic design theory in 1893. 

The principal advance that this theory made relative to Rankine's 

was that it allowed a more realistic quantitative estimate to be made of 

the load transmitted between stiffening girder and cable. Although it was 

still assumed that the live load was distributed evenly up through the. 

suspension rods, provision was made for the fact that some of the energy 

stored in the bridge as a load crossed was absorbed in the cables, 

suspender rods and towers-rather than just in the stiffening girder. 

This meant that considerably smaller girders could be adopted because 

the stresses due to typical live loads were only in fact about half the 

magnitude predicted by the Rankine theory. Again it should be noted that 

the applied loads were modelled statically and that no provision was made 

for the dynamic effects of traffic or wind. 

Early in the 20th century Nelan's deflection theory became 

popular as a method of design. 
, 

This theory, developed c. 1888 but not 

introduced to America until the early 1900s released another of the 

unrealistic constraints which resulted from the simplifying assumption of 

earlier work. Basically, Melan's work allowed for the fact that deflections 

of the cable and stiffening girder caused by the live loads might be 

large enough in relation to the geometrical proportions of the bridge to 

warrant inclusion in the mathematical treatment. Working from this 

assumption Melan set up two basic differential equations relating the 

loads and deflections of stiffening girder and cables respectively. A 

further equation dealing with compatibility of the deformations induced 

in the cable enabled him to produce a complete solution to a bridge's 

behaviour under vertically applied"loads. However, the nonlinearity 

of the resulting relation beteen the deflection and applied loads meant 

that the explicit solution was so complex that it was difficult to get"a 
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physical 'feel' for a given design from the theory. This led F. Bleich 

and others to attempt a linearisation of it. 
61 

Fig. 5.31 is taken from 

this work and shows the typical differences between the deflections 

predicted by the elastic and deflection theories. The low values 

de': ved from the deflection theory meant that bridges designed by this 

method could have much lighter stiffening girders than those 

proportioned according to the Elastic theory. 
62 

In America the Manhattan Bridge of 1910 was the first of a 

generation of structures built according to the new theory. As the 
ý1 - 

20th century progressed and bridges were built exclusively for road vehicles 

rather than a combination of road traffic and electric trains designers 

found that they could build bridges that were relatively lighter than earlier 

structures. Fig. 5.11. shows how stiffening girders were made 

progressively shallower until the aerodynamic problem reasserted itself, 

firstly in movements of harmless amplitude but subsequently in the 

Tacoma collapse. 

To see why this happened it is only necessary to read the 
" 63 

authoritative text written by DB Steinman on Melan's theory, wherein it 

is found that loading assumptions with regard to wind are the same as 

those taken by earlier theories, vis. the wind is treated as a uniformly 

distributed load acting horizontally which could be satisfactorily resisted 

by a straightforward system of horizontal bracing. Steinman implied 

in his treatment that this stiffening would absorb any tendency of the 

bridge to oscillate. 

The Tacoma Bridge was apparently only one more step, albeit a 

large one in the trend towards lighter structures. The deflection 

theory made no objection to plate girder stiffening, so this must have 

seemed a reasonable feature. However, one very good reason for 
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proceeding with rather more caution is the fact that four bridges 

completed just before the Tacoma Bridge was designed had all exhibited 

aerodynamic movements, thus hinting that the oscillation problem was 

about to reassert itself. 

In the case of the Golden Gate Bridge (1937) the movements were 

of completely harmless amplitude. With the Bronx-Whitestone bridge the 

maximum recorded amplitude of oscillation was only 355 mm (14") but it - 

was nevertheless decided to study these movements and to apply damping 

devices. It was found that the three commonest modes of oscillation 

(fig. 5.32a) could be reproduced by applying impulsive forces to a 

1: 100 model, although to maintain the oscillation the impulses had to be 

repeated. The model suggested that the three devices shown in fig. 5.32b 

were sufficient to damp the oscillations and these were found to be 

effective when applied to the real structure. 

The Bronx-Whitestone bridge was particularly significant because 

it was the first American bridge to have plate girder stiffening (the 

idea was introduced intthe German Cdlogne-Mulheim bridge of 1929). A 

similar system was used pretty well simultaneously by Robinson and 

Steinman in the Thousand Islands and the Deer Isle suspension bridges. 
64 

The Thousand Islands bridge, although the shorter and relatively heavier of 

the two structures, was the most seriously affected by oscillations. An 

undulatory motion (fig. 5.33a) coupled to a lateral swaying was observed 

in very moderate breezes. This led to the incorporation of empirically 

proportioned stays radiating from the piers at deck level and a system of 

bracing wires at mid-span (fig. 5.33b). 

Similar measures were adopted to dampen a less serious undulatory 

motion in the 329 m (1080') Deer Isle Bridge. Work on both structures was 

completed in 1939, a full eighteen months before the Tacoma Bridge fell. 
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Steinman claimed to have warned the Tacoma Bridge engineers about the 

danger of the movements and to-have suggested a remedy just after that bridge 

opened, but clearly his advice fell by the wayside. 

It is very interesting --)-at the 20th century engineers really 

only picked up the problem-where Roebling had put it down. When they 

first observed the undulatory motions in the new structures they 

immediately set about the practical problem of stabilising the bridges 

decks rather than the real problem concerning the cause of the oscillations. 

Models were made and stays introduced to check the oscillations, but the- 

underlying problem was not investigated until after the Tacoma Bridge 

fell. As an Engineering News-Record reporter put it when writing about 

the Bronx=Whitestone bridge model in 1940, "The actual forces that set 

up motions of the bridge could not be reproduced, as they were unknown. "165 

Hindsight shows that this very'typical engineering attitude was disasterously 

inadequate and again points to the usefulness of keeping records of previous 

achievements: the successes and failures together giving a clear back- 

ground against which to assess the viability of new work. _ 

The tables of data relating to earlier structures show that the 

Tacoma Bridge was in fact very daring, not because it introduced new 

principles to bridge design but rather because it stretched and extended 

the limits of existing design practice. Since this pattern of progress 

was responsible for the previous three accidents, it is interesting to 

investigate the research background of the Tacoma disaster to see if it is 

possible to detect a lack of experimentation and fundamental thinking 

similar to that found igýthe earlier failures. It turns out that 

comprehensive experimental studies were deemed unnecessary at the design 

stage, and that it was not until undulatory motions were observed at the 

Bronx-Whitestone Bridge (also designed under Moiseiff's supervision) 
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that a test programme was put in hand 
66 

But by this time, (January 1940), 

the steel towers of the Tacoma Bridge were rapidly approaching completion 

" and all was set for a speedy completion of the superstructure ready for 

the opening in July 1940. 

Nevertheless the oscillation problem was handed over to 

Prof. Farquharson at the University of Washington for investigation. 

Aided by the model built to help devise the best erection procedure for 

the superstructure, and the reports of the oscillations of the Bronx- 

Whitestone Bridge, it was soon discovered that the Tacoma superstructure 

would be very vibration sensitive and that movements would be difficult 

to control. At this juncture work on the bridge should have been 

stopped, but instead it went ahead rapidly, and, as reported elsewhere, 

the deck exhibited serious oscillations as soon as it was finished. 

The compressed time scale of the project meant that once 

construction had begun there was no time for fundamental research. Thus 

when the susceptibility to oscillation was detected the only possible line 

of work was the' design of corrective measures, there being insufficient 

time and funds to unravel the underlying cause of the motions. 

Apart from a knowledge of the historical record of earlier structures 

outlined above, there was very little to suggest to the designers before 

the accident that-basic research was required. A summary of "aerodynamic" 

problems was published in a series of articles in the Engineering News-Record 

in 1934-5 under the general title "Aerodynamics and the Civil Engineer". 
67 

This can be taken as a useful appraisal of the relevance of aerodynamic 

problems as seen by a structural engineer. in the 1930s. Most of the 

material presented dealt with the relatively simple matter of explaining 

that the forces resulting from a disturbed air flow are more complicated 
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than a uniformly distributed load. Specific topics covered were drag 

forces created by the flow passing various shapes of obstacle, 

gusting, the variation of wind velocity with height and situation, and the 

effect of difference in pressure between the inside and out, side of buildings. 

The only instability problems covered were the 'dancing' of ice coated 

transmission lines and the oscillation of cylinders brought about by the 

shedding of a wake of regular eddies, but unfortunately neither matter 

was covered in sufficient detail to suggest a tie-in with the much 

larger scale of suspension bridges. 
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5.6 Summary and Conclusions. 

The history and background of the Tacoma Bridge collapse contains 

the same elements of unacceptable risks and missed clues as t1se other 

three accidents discussed. 

It is clear that the designers did not see their work in 

perspective, did not realise just how innovatory the bridge was, 

just how careful they needed to be in drawing up their proposals. The 

argument of this study is a repeat of that used in other chapters, vis. that 

tables presenting the basic parameters of existing bridges would have 

gone a good way towards remedying these defects in the design background. 

The details of 19th century collapses and of the 20th century 

bridges affected by oscillation again highlight the need for keeping records 

of accidents resulting from unknown or unusual causes. If the American 

designers had had this information at their fingertips alongside the 

tables mentioned above it is probable that the design mistake could have 

been recognised and avoided before construction began. 

One further point that deserves mention is that this study could 

have been split into two, vis. (i) British suspension bridges 1817-1840 

and (ii) American bridges 1910-1940. The early British records treated 

in isolation would have shown that the Menai Bridge collapse of 1839 could 

have been predicted if the records of other accidents had been reported 

and published immediately after they occured, rather than after the major 

accident which is in fact what happened. This study was not developed 

in detail because it dates from the period when suspension bridge 

designs were wholly empirical and had little in common from one structure 

to the next. Thus it would have been impossible to show that the 
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Menai Bridge was the end of a particular process of structural 

development. 

An interesting contrast between the two accidents (Tacoma and 

Menai) is that whereas at Tacoma-all features of the design were optimised 

with the result that everything suffered in the accident, the Menai 

Bridge was more or less wholly empirical and therefore had features 

which were unnecessarily conservative as well as those which were too 

frail. The rather ironic result of this was that the Menai Bridge 

never required attention to anything other than the deck and suspension 

rods whereas the Tacoma Bridge had to be completely reconstructed from 

the base of the towers upwards. 
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6.1. General Review 

The author believes that this thesis is a new and original 

contribution to the study of failures. The basic hypothesis, namely 

that human behaviour does not change all that much, and that it is 

therefore reasonable to expect similarity of response to various types 

. of challenge from generation to generation has been examined by a close 

investigation of the background circumstances of four collapses. 
1 

. 
For reasons of time and space, the field of study had to be 

restricted to one class of structure and one branch of history. Metal 

bridges and their design background were chosen for the reasons given 

in Chapter 1, although, as pointed out in that section, other fields of 

study could have been selected. 

The accidents examined were originally isolated as deserving special 

study because they were not due simply to straightforward human error. 

Each of them seemed to be the result of using existing design data for a 

fundamentally unsuitable application, in each case because basic 

principles were extrapolated and adapted from their original safe uses 

to situations where very different conditions applied. By recognising this 

similarity and by showing it to be true for all four-failures the author 

believes he has isolated an important-recurrent pattern of events for which, 

even today, there is no check mechanism. 

The notion that the accidents were the almost inevitable result of a 
of 

period/apparently safe development of a design method was examined by an 

unusual technique of historical study. By and large, published 
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engineering histories tend to describe one major project or development 

after another without very much discussion to show why or how the changes 

took place. Although the reader can, for example, see that the projects 

- in a given sequence became progressively larger, and although he may be 

brought into contact with the development of the practical techniques 

which made the advances possible, he is hardly ever presented with the 

design data from which the steps forward were initiated. One of the 

authoi1s objects in writing this thesis has been to try and relate the 

structures discussed directly with the accepted design thinking of the 

day. This often proved considerably harder than was at first expected 

because of the time lag between the analytical innovations of the 

academics and their acceptance by practising engineers. 

The method adopted for the study was to use the clues thrown up at 

the time of the accidents as to the uncertainties in contemporary practice. 

These led to earlier papers, discussions, the records of existing structures 

and other failures. 
. 

Piece by piece, and almost entirely from original 

sources, pictures of contemporary practice before and at the time of the 

collapses were put together, gradually enabling the author to establish 

the pattern already alluded to. 

This often painstaking process had a number of interesting results 

besides that of showing the existence of a cyclic pattern. In terms of 

historical study it brought the author into contact with many anomalies 

in our present understanding of engineering history; people, processes and 

projects about which a lot of real value to the modern situation remains to 

mayauthor 
be learnt. Hopefully -Eh'e may find time in the future to examine 

some of these'mattters fully. 

In terms more directly relevant to the present work, contact with the 
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original source material led to various ideas about how far it is possible 

to predict the likelihood of future disaster situations arising out of 

present design methods. As a result the need to record trends in 

existing practices, and to keep a register of incompletely explained 

collapses was clearly established. 
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6.2 The Prediction of future accidents 

- To close this work, the author wishes to make some practical 

suggestions about a possible system aimed at avoiding future accidents 

due to the misapplication of design data. 

Firstly, a brief review of the principal events that culminated in 

the bridge collapses. The object of this is to enable a realistic 

estimate to be made of the measures that need to be taken to forestall 
1a 

comparable disaster situation in the future. 

In the case of the Dee Bridge the root cause of, the accident was 

the trussed girder principle. To the designer working in 1845 the use 

of this type of bridge for a 30.5 m (98 ft) span must have seemed a 

very reasonable step forward from the earlier spans of 25 m (83') 

(Stockton bridge) and the group of structures, in'the 20-25"m (70-80') 

range. However, in actual fact these immediate precedents had been 

extrapolated from other examples; 
' working backwards it was found that 

when these structures were introduced to railways in the 1830s, the 

design basis was an experimental equation (tiodgkinson's formula) which 

was established with very different structural arrangements in mind. 

Beyond thät, the use of trussed girders in factories. and other fireproof 

buildings probably goes back another 15 years to around 1815; when they 

were first introduced for applications where it was necessary to use beams 

longer than those obtainable from a single casting operation. By a 

series of small steps short, single piece, simply-supported beams designed 

to carrya static point load at mid-span became prestressed trussed girders 

carrying heavy fast-moving trains. Because each individual change was 

small the design basis went unchallenged throughout the whole period of 
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development. However, when failure came it was possible to look 

back and-see just how far the original conditions had been changed. 

To have collected and reviewed design information such as that 

presented in tables 2.1 and 2.2, and figures 2.10 and 2.27 would have 

required the regular attention of independent arbitors throughout the 

20-30 year period of development. Supposing that the area of responsibility 

of the assessors had been a general brief covering spanning structures 

made. of iron, table 2.1 suggests that a total of 1400 railway 

bridges would have to have been assessed between 1830 and 1847, an 

average of 82 a year. If the effect of the railway mania and other work, 

such as the review of road bridges and factory buildings is taken into 

account, it is reasonable to suppose that a couple of really good engi- 

neers devoting one day a week to the analysis of structural records and 

new designs might have served to forestall the accident situation, and 

possibly even to see that it was fundamentally undesirable to use cast 

iron for-railway loads. 

With the Tay bridge there were many factors that contributed to the 

accident but among these there was one, namely inadequate provision for. - 

wind loads which was sufficient in itself to have led to the eventual 

failure of the bridge even if everything else had been perfect. Even 

under this single heading there were several unfortunate processes at 

work. On the design front there definitely seems to have been an attitude 

that what was safe in the past would be safe for the present on a larger 

scale. Thus since earlier designers 

for the most part ignor"wind-loads, Bouch 

may have felt inclined to do the same, failing to recognise the fact 

that earlier bridges had not been so light nor in such exposed situations 

as the Tay crossing. Of course the designer was also very definitely 
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misled by the advice given on wind-loading by a supposedly eminent authority, 

Sir George Airy. Whereas Bouch may have made an unfortunate- extra- 

polation from the visible evidence of other structures, Airy seems to 

have done nothing better than guess the extent and peak values of the 

gust loadings he predicted. As the link man between the designer and 

the very inadequate information on wind loading he confused rather than 

clarified the issue. 
/ 

A review committee working before the Tay Bridge accident would have 

had a tough task to detect the fundamental weakness of. the structure 

from the basic parameters such as height, length, exposure and weights of 

material. Indeed, it would have required a comprehensive review of 

loading as well as structural data to forestall the disaster. Nevertheless 

the facts remain that there had been a definite trend towards lighter 

structures after the completion of monumental bridges such as the Saltash, 

Britannia and Victoria (Montreal) structures, -and that this trend was 

predictable from writings published before the collapse. 

A question that needs to be answered in connection with the proposed 

review work is how would the need for such studies initially be recognised? 

Clearly, in the case of the Tay Bridge it would have been foolish to 

expect a review process to have been in continuous operation since the 

basic wind loading information was formulated in the 1? 50st simply 

because no large structures in exposed situations were built for about 

70 years afterwards. It would be much more reasonable to expect the review 

to date back to the basic change that eventually led to the collapse. 

In this case, the fundamental issue was Railways, or slightly later 
. 

Railways as a speculation. The novelty of the problems arising from 

railway construction had been recognised at the time of the 1847-1849 

Royal. Commission, but was unfortunately not considered worthy of continuous 

appraisal at that time. The notion that there is a clear time at which 
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it is advisable to set up a review can be tested by looking for 

comparable' situations today. Two obvious types of structure involving 

hitherto unencountered loading are nuclear power stations and oil platforms 

in the stormy waters of the North Sea. It is to be hoped that their designs 

will not in the future be extrapolated haphazardly from existi:, g precedents 

simply because earlier works were satisfactory. 

To return to bridges, the Quebec collapse resulted from the extra- 

polation of strut data to meet the requirements of the largest span bridge 

in the world. The fact that the latticing adopted for the built up 

sections was seriously understrength was not noticed because there were 

no precedents to judge it by. 

Here a truss bridge review could have forestalled the Quebec accident 

and several other collapses. This type of structure, it will be 

remembered, emerged as the dominant type of bridge on American railways 

right back in the 1840s, initially for spans up to about 50 m, but soon 

for larger crossings. It proved to be ideally suited for the speculative 
01 

type of railway construction, being cheap and quick to build. Nevertheless, 

it needed careful monitoring to guard against overloading and fatigue, just 

like any other optimised structure. 

Because there was no provision for the review of loading and structural 

requirements many collapses occurred because maintenance engineers did not 

realise just how quickly train weights were increasing (fig. 4.20). 

Records were not kept until many structures had collapsed; if they had 

z'3' 
been much money might have been saved. 

As the railway network was consolidated towards the end of the 19th 

century much larger truss spans were built. Simply supported bridges 

were made for crossings up to 165 m, while for longer distances continuous 
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and cantilever structures were developed. The latter in particular 

made very heavy demands on the results of existing theory and experimenta- 

tion, not only because of sheer physical size but also because the method 

of construction, which minimised the use of falsework, was very tricky. 

All these matters were pressed just too far when the 530 m. span of 

Quebec Bridge was built. 

Again, a review committee could well have realised that it was wrong 

to base the design of such a large structure on existing information 

much of which had not been revised since it was originally derived for 

very much smaller bridges. Neither theory, experimental results nor 

previous achievements justified the risks taken. 

To give some idea of the amount of work a review body working in 

this field would need to have covered, between 1850 and 1890 truss bridges 

were built at a rate of about 600 per year4 On the basis of two 

engineers working 50 days a year even this figure only represents an 

average of about 12 structures per week. 

The basic cause of the Tacoma bridge collapse was the lightness 

and flexibility of its deck system, which proved inadequate to resist 

the oscillations induced by aerodynamic forces. Relative to other 

designs executed in the 1930s, the use of a shallow plate girder stiffening 

system must have seemed a sensible and logical next step in a trend towards 

lighter structures, but taken in the overall context of suspension bridge 

design in the 20th century it was very far removed from the original 

structures generated using the Melan deflection theory. 

Again the question that may be posed is, was there an obvious 

starting date for a design review? Fig. 5.9 suggests that one such 

point would have been the dramatic steps forward in span length made 
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after 1925. This reflects the growing popularity of motor vehicle trans- 

port and happens to coincide with the general adoption of Melan's 

deflection theory. Review work in the 15 exciting years of bridge 

building before the Tacoma bridge failure could have helped determine 

the logical end of the design trends. 

The evidence collected for these case studies shows that two 

types of material, namely structural data and loading information need 

to be reviewed. The tables and graphs referring to Stephenson's 

design for the Dee Bridge show clearly that he was using the trussed 

girder in a much more daring manner than any of his contemporaries, many 

of whom preferred to use other more satisfactory types of bridge (table 

2.1 and figs. 2.16,2.17). In the case of the Tay bridge figs. 3.10, 

3.12-3.15 show that the main spans were designed with a normal amount of 

material but that the piers were fundamentally too light for their intended 

purpose. With the Quebec bridge, reference to fig. 4.28 (a graph of span 

against time) shows very clearly that the bridge was far longer than any 

earlier structure and that it therefore demanded special care at all 

stages of design and construction. .A table such as 4.2 read in 

conjunction with its associated references would'have reinforced this need 

by showing that the work had no real precedent. The information collected 

for the Tacoma bridge study gives further evidence of the validity of this 

type of review. The graphs of span against time, weight of span v. time, 

and depth of stiffening girder v. span length suggest very strongly that 

on the basis of earlier work the designers were attempting something 

altogether too innovatory to be undertaken without careful work from 

first principles. 

Of course, the collection of material for these graphs was relatively 

simple compared with the task of making similar studies to show the 

" present and future trends of todays practices. Inevitably, because the 
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author was aware of the type of development that had actually taken 

place in the past, the field of enquiry was kept fairly narrow in 

reviewing the accidents described, but in predicting future events the 

boundaries would be much less clearly defined and the volume of 

material to be assessed correspondingly greater. 

The importance of reviewing loading data is clear from the fact 

that two of the accidents, the Dee and Tay collapses were in some 

measure due to a misunderstanding of the design loads. To elaborate, 

the loading condition investigated by IIodgkinson in connection with his 

beam formula was the effect of a gradually applied weight at'mid span. 

After the Dee Bridge collapse, it turned out that noone had a real 

appreciation of the quantitative effect of a moving train load let 

alone the side effects of applying it eccentrically on a skew crossing. 

In later years the dynamic component was provided for by increasing the 

equivalent static loads by 50%, so in fact the unappreciated additional 

stresses induced by the Dee Bridge train probably pared away a fair 

proportion of the already perilously low safety margin. 

With the Tay Bridge there was a total misunderstanding of the nature 

and extent of gusts. This arose from the widely accepted fallacy that 

the wind could be modelled as a uniform horizontal loading. 

The need to ensure that the latest information on loading is 

readily assimilated by the profession is still apparent - Today's 

engineers need to be made fully aware that loads, and live loads in 

particular, are not fully represented by the traditional static models 

frequently used for anäljy'sis and that more attention needs to be given 

to loading probability models. The best way of achieving this in 

practice is by the production of well-presented, well-illustrated 
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5 
loading manuals such as the recent Wind*Loading handbook to cover 

every class of loads from traffic to snow and floods. The right 

approach to preparing such texts is to set out both the fully established 

facts and the areas of uncertainty. Unless this is done it seems 

inevitable that obsolete loading models will continue to be ust-d for 

unsuitable applications. 

A 

In a world free from pressures of money and time the logical way of 

preventing accidents of. the design extrapolation type would be by 

keeping continuous records of changes in the basic parameters of each class 

of structure. As has been shown, even in complicated cases a regular 

review would not take up an undue amount of time providing the 

necessary backup of information input and dissemination was provided. 

In the accidents discussed in this thesis it was very often simple quantities 

such as spans and weights or ratios such as depth of girder/span which pointed 

to a catastrophe situation, and there is no fundamental reason to suppose 

that the same type of simple parameterisation could not be applied else- 

where to predict dangerous patterns of development. 

The best way of carrying out the work would be by retaining 

experts from the relevant B. S. I. code drafting committee to review trends 

and to see that the conditions the original committee had in mind were 

not violated. There would of course be snags with this scheme in 

practice. Firstly the requirement that the investigators be given access 

to new designs would be unlikely to be fulfilled in practice unless they 

were wholly free of personal profit-orientated interest (e. g. a design 

practice) in the same type of structure. The necessity of employing 

expert rather than average talent for this work suggests that in realistic 

terms it could only be undertaken by engineers attached to Univrsity or 

Polytechnic staff. Here however it would be necessary to break down 

the psychological barrier that seems to exist between academic and 
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practising engineers. 

Secondly, it can be argued that the possibility of avoiding a 

structural'failure by this method is remote and that therefore the 

compilation of mounds of data would often seem to be a frustrating and 

fruitless occupation. Again this suggests that the work would be best 

carried on under university auspices where it could be satisfactorily 

combined with teaching and/or other research. 

a 

, 
While it is clear that the process of progressive. extrapolation is 

best controlled by this type of work, a question that must be answered is 

whether the labour is justified in economic terms. 

Looking back on the four collapses discussed, a partial answer to 

the question can be found by examining the costs of work which had to be 

undertaken, either of necessity or to allay public anxiety or both, 

after each of the accidents. 

Firstly there is the cost of reinstating the fallen structure, and 

in the case of the Dee Bridge this amounted to about £10,000 (temporary 

falsework £1,000, additional iron castings at about £1,500 per span), to 

which must be added the £12,700 paid in compensation to the victims or 

their relatives. Furthermore it should be remembered that the public 

outcry after the accident demanded that the sixty or, so similar structures 

be strengthened or replaced. A reasonable estimate, based on Dempsey's 

figures for the ironwork for trussed girder spans suggests that the 

amount eventually written off was about 01,500 per span, -£90,000 in all. 

Even more significant in some cases was the loss of revenue while the 

work was being carried out - the Trent Valley line for example, was closed 

for six months while its bridges were investigated and strengthened. 
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With the Tay Bridge the cost of rebuilding the fallen structure 

was much higher, partly because the project was much larger, partly 

because it'was decided that the old substructure should be abandoned in 

favour of a new line of broader, more substantial piers alongside. 

Although some of the old trusses were transferred to the new bridge most 

of the total £350,000 price for the original contract was completely 

written off. After the collapse a Board of Trade rule was issued 

requiring a blanket provision of 56 lbs/ft2 for wind pressure on bridges. 

Although this resulted in a considerable waste of material and workmanship 

for bridges in sheltered positions, fig. 3.2c-d shows that this was not 

unrealistic for structures in exposed situations. Bearing this in mind 

it was not considered particularly fruitful to try and quantify the precise 

overall cost of unnecessary works, especially as the capital loss of 

the fallen structure was itself so high. 

At the Quebec Bridge most of the %2 m. set aside for the superstructure 

was written off, because although only one of the great cantilevers was 

erected much of the material for the other had been prepared when the 

structure failed. The substructure was virtually undamaged in the fall 

and was reused in the new bridge. 

As with the Dee Bridget public anxiety demanded that other bridges 

be checked, and it turned out that under the worst possible conditions of 

load another large structure, the Blackwell's Island bridge in New York 

was theoretically understrength. Under normal circumstances, a simple 

traffic restriction devised to prevent the bridge being packed solid 

with traffic might haverbt-en considered sufficient, but such was the 

emotion generated by the smash at Quebec that the bridge was not only 

strengthened but also relieved of two of its four suburban railways by 

the boring of parallel bypass tunnels costing a total of $4 m. 
6 



Capital Associ- Cost 
Scope of Accident Date Written ated Total of Review Notes 

Off Work Review 

DEE 1847 £0.02m £0.09m £0. llm £6.0k. 2 Engineers Salary based 
50 days/yr on that paid 

'30 years to E Ilodgkinson 
for his full- 
time work on 
the Britannia 
Br. tests, 1846 

TAY' 1879 ß"35m - £0.35m £8.5k 2 Engineers Salary based 
50 days/yr on £1,000 pa; 
30 years typical figure 

for a top 
assistant 
engineer/con- 
tract manager 

QUEBEC 1907 $2m ß$4m 
06 $0.3m 2 Engineers Salary based 

50 days/yr on the $50/day 
60 years actually paid t 

Commissioners 
investigating 
Quebec collapse 

TACOMA 1940 %3m c. %1.5m $4.5m $0.14m 2 Engineers Salary based 
50 days/yr on $70/day; 
20 years , estimate 

derived from 
Quebec Commis- 
sioners salary 
revised to take 
account of rise 
in general 
salaries 

MILFORD 1970 £8m £60m 9070m £33k 2 Engineers, Salary based 

HAVEN 50 days/yr on £6,000 pa. 
20 years 

Table 6.1 
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The Tacoma Bridge was also rebuilt from the pier tops upwards, 

so in this case the sum written off was some %3m. Other bridges were 

investigated after the collapse and stiffening measures were devised to 

make them publicly acceptable, even if their stability was not. in doubt. 

I 

Fur example, the plate girder stiffened deck of the Bronx-Whitestone 

bridge was modified in 1942 at a cost of %1.4m. by the addition of 

stiffening trusses, although the maximum observed amplitude of oscillation 

was only 0.001 of the span length. In 1952, the United States Advisory 

Board of Suspension Bridges reported that four other modern bridges had 

required the instaUation of stiffening stays after completion to dampen 

unpleasant oscillations, but this work was of a minor nature when 

compared with that mentioned above. However, it should also be remembered 

that the Tacoma collapse had a considerable effect on the whole ensuing 

generation of suspension bridges - fig. 5.11 suggests that stiffening 

girders were built with unnecessarily conservative proportions between 

1940 and 1966 when the Severn Bridge finally demonstrated that a light 

box section deck (being the logical extension of. the plate. girder systems) 

could be made aerodynamically stable. 

If these figures are set against the normal, remuneration, for the top 

staff of the respective periods, it can be seen that in each case the 

amount lost in the disasters would have been more than adequate to pay, 

say, a one day a week salary for two engineers for the periods suggested 

earlier (see fig. 6.1). This suggests that the scheme of design reviews 

previously outlined might well be an economically viable proposition. 

This notion is borne out by the experience of'the recent box girder 

collapses where even the cost of recontructing and strengthening just 

one structure (the I'iilford Haven Bridge) was. vastly in excess'of the 

funding required to man the Merrison research committee. It is also 

interesting to note that, as with the earlier accidents, remedial work 

was ordered for other structures in the atmosphere of public panic and 
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professional uncertainty that followed this accident - 32 of the 51 

box girder bridges in service were strengthened and 28 of the 37 under 

construction were modified. A typical figure for the additional money 

spent on each project was about Elm, based on the occasional reports that 

appeared in the technical press. It is worth pointing out that this'sum 

is higher in real terms than it would have been in any previous age, 

because of the widespread application of the type of structure in question 

and the rocketing cost of skilled labour. 

" Even if a University/Polytechnic based review system proved wholly 

unacceptable to the practising engineers costs such as these suggest very 

strongly that it is rash to undertake large scale works without funda- 

mental consideration of the loading conditions and structural response 

involved. This calls for extra design time, and clients should be made 

aware of the need to provide funds for this. It should however be stressed 

that this sort of approach, aimed at preventing failures by considering 

all major designs from first principles would probably prove more costly 

than allowing design from Codes backed by independent reviews. 

Apart from the review of design principles and design trends, the 

author has suggested that the recording of all accidents whose cause is 

not wholly understood could have helped avoid disaster situations in the 

past. The evidence presented for this is particularly convincing in tie'" . 

cases of the Tay and Tacoma bridges. In the earlier disster, the 

evidence of collapses in America (fed into the British technical journals 

by an established system of abstracts) pointed directly to the fact that 

the design information used by Bouch for wind loading was" very inaccurate, 

while in the case of the Tacoma Bridge records of wind induced 

oscillations, particularly those of the Brighton, Wheeling and 

Montrose bridges would have directed the 20th century designers' 

attention to the need to consider the effect of wind on flexible bridge 



- 184 - 

decks. 

In the case of the Dee Bridge, it would have needed a very astute 

reviewer to interpret the uncertainty revealed by the Manchester mill 

discussion, and powerful machim-iýy for taking action if anything was to 

" be done about it. 

With the Quebec collapse, it would have been necessary to have 

a more or less world-wide register of accidents if the fatal weakness 

of the chord design was to have been foreseen, since the significant 

earlier failures occurred in the non-english-speaking parts of central 

Europe. Nevertheless, it should be borne in mind that even in this 

case the predictive accidents were sooner or later reported in the 

country where the major collapse occurred. Unfortunately they were not 

reported quickly enough,: nor in the most useful form to help the 

designers. From this it can be concluded that, to be effective an 

accident register would need to be accurate, continuously updated and 

-quickly circulated to the people most concerned with new designs. The 

traditional and understandable reticence of engineers to publish details 

of their failures could probably be overcome if there was a guarantee that 

details would be published anonymously, i. e. without reference to 

people, country or locality. 

This then is the type of work which the author believes could go some 

way towards preventing accidents of the design extrapolation type. The 

work necessary to collect, assess and disseminate the various types of 

information would undoubn#edly be costly, but as has been shown, not 

nearly so expensive as the cost of letting accidents of this type continue 

unchecked. 

. 
The proposed method of trying to forestall the disasterous end of 
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of the typical cycles of development has the advantage of doing nothing 

to destroy the basic spirit of adventure in which engineering work on the 

frontiers of knowledge has to be conducted. What it does do-is to make 

it easier for designers to make a rational assessment of the steps 

fo raard they take, aware rather than ignorant of the degree of risk 

they are taking. 

/l 



-186- 

6.3. Acknowledgments 

I should like to thank my supervisor, Dr AC Walker of 

University College London, for his help, encouragement and 

criticisms throughout this project, and the Science Research Council 

for funding it. I should also like to express my appreciation to 

the librarians and staff of the Institution of Civil Engingeers, the 

Public Record Office, the British Transport Record Office and 

the British Museum for allowing me to consult the mounds of material, 

old and new, rare and common, incorporated herein. 
, 

Bill Vines 

prepared the photographs and Rachel Bower kindly typed the manuscript. 

Paul Sibly 
December 1976 



- I87-- 

References: -- 

Chapter 1 

1. Pugsley, A G. 'Concepts of Safety in Structural Engineering', 
Journal Instn. C. E., vol 36,1951, pp 5-14 

2. 'Report on Structural Safety' Structl. Engr.; vol 33,1955, p 141 

3. e. g. Pugsley, A. G. 'The prediction of proneness to structural 
accidents' Structl. Eng'r. vol 51,1973, p 195 

4. 'Report of the Interim Committee on Structural Safety'*Instns. of 
Civil, Structural and Municipal Engineers, 1974. 

5. Pugsley, A G. 'The Safety of Bridges', Structl. Engr. vol 46,1968, p 200 
6. see Civil Engineer &_Architect's Journal, vol 10,. 1847, p 204-8 

7. 'Report of the Commissioners appointed to Inquire into the Application 
of iron to Railway Structures', London, HMSO, 1849 

8. 'Report of the Tay Bridge Inquiry, London, HMSO, 1880 

9. 'Report of the Quebec Bridge Inquiry, Ottawa, IRM Govt., 1908 

Chapter 2 

1. Rendel, J M., manuscript 'Report to the Directors of the Chester & 
Iiolyhead Railway Company, 1844', Public Record Office, London 

2. Min. Proc. I. C. E. vol 3,1844, p 60 

3. Manuscript 'Returns of Iron Bridges', Public Record Office, London 

4. 'Report of the Commissioners.... ... 1849' p 267-8 

5. ibid minutes 938-940 

6. Min. Proc. I. C. E. vol 6,1847, p 220 

7. ibid p 219 

8. Weale, J. 'Bridges' vol 1, London, John Weale, 1843 

9. Civil Engineer & Architect's Journal, vol 10,1847, p 204 

10. 'Report of the Commissioners ... ... 1849' p 333 minute 825 (see Ch. l, 
ref 7) 

11. Simmons, JLA. 'Report on Chester & Holyhead Railway Accident, House 
of Commons, 1847, p 12 

12. Civil Engineer & Architect's Journal, vol 10 1847, 'p 204 

13. Stephenson, R. manuscript 'Report to the Directors of the Chester & 
Holyhead Railway, 1847' Public Record Office, London: 

14. Walker & Simmons 'Report to the-Commissioners of Railways ... on 
the fatal accident ... by the falling of the bridge over the 
River Dee', 'House of Commons, 1847, p 8. 

15. Min. Proc. I. C. E. vol 6,1847, p 220 

16. Walker and Simmons, op cit, p 8 



..,, ,. w., t 
,: 3,. .. ý... 

- 188 - 

17. Railway Chronicle, 1847, p 556-7 

18. ibid. p 563 

19. Conder, F. 'Personal Recollections of English Engineers' p 290 

20. Railway Chronicle, 1847, p 540 

21. ibid. P 540 

22. ibid. p 564 

23. ibid. P 563 

24. Walker & Simmons, op cit, p 6 

25. ibid. p8 

26. ibid.. P9 

27. manuscript 'Returns of Iron Bridges', PRO London. 

28. manuscript Directors Minute book, Chester & Holyhead Railway, minute 
"1013, PRO London 

29. . 'Report of the Commissioners ... 1849' minute 1039 

30. Stephenson, R. "Iron Bridges' Encyclopaedia Britannica, 8th Edn. 1853 

31. Railway Chronicle 1847, p 564 

32. Civil Engineer & Architect's Journal, vol 10,1847, p 310 

33" 'Report of the Commissioners-... 1849' p 334 

34. Fairbairn, W. ''On some defects in the principle and construction of 
fire proof buildings', Min. Proc. I. C. E. vol 6,1847, p 213 

35" e. g. Fairbairn, W. 'Ori the application of cast & wrought iron tb 
building purposes' London, John Weale, 1854 - many instances 

36. Min. Proc. I. C. E. vol 6,1847, pp 219,220,224 

37. Dictionary of National Biography 

38. Min. Proc. I. C. E. vol 6,1847, p 218 

39. First & Second Reports, British Assoc. Adv. Sci., vol 1,1835, p 612 

40. Hodgkinson, E. 'Experimental Researches on the strength & other 
properties of cast iron, ' London, John Weale, 1846, p 411-474 

41. Simmons, JLA. op cit, p 15 

42. Hodgkinson, E. op cit. 

43. Stephenson, R. 'Iron Bridges', Encycl. Brit. 1853, p 599 

44. Table 2.2. nos 18,19,51,56 & 57 

45. Letters preserved at Public Record Office, London 

46. Dempsey, G D. 'Tubular Bridges c. 1850' Kingsmead Reprints, Bath 

47. e. g. The opening of the Trent Valley Railway was delayed for six 

months while the bridges were checked. 

Chapter 3 
I 

1. Prebble, J. 'The High Girders' Secker & Warburg, London 
. 
1956 

2. Thomas, J. 'The Tay Bridge Disaster' David & Charles, Newton Abbot, 1972 

3. 'Report of the Tay-Bridge Inquiry', (T. B. I. ) London, HMSO, 1880 

Appx. 3, P iv 



X 

-I89- 
4. C. P. 3 ch. 5, pt. 2 (1972) p-32 

5. Phil. Trans. Roy. Soc. vol. 51,1759, pp 139,164 

6. Rankine, 
"W 

J McQ. 'A Manual of Civil Engineering; Griffin & Co, 
London 1862, para 373- 

7. Min. Proc. I. C. E. vol 5,1846, p 289 
8. Clark, E. 'The Britannia & Conway Tubular Bridges' London, 

Day & Son, 1850, p 470 

9. T. B. I. pp 380-1 

10. - ibid. minute 16617 

11. ibid. minute 16478-80 

12. ibid. minutes 16122-4 

13. " ibid. 'minute 16125 

14. Phil. Trans. Roy. Soc. vol 45,1775, P 353 

15. T. B. I. 16310-11 

16. T. B. I. 16220 

17. Min. Proc. I. C. E. vol 69,1881, p 210 

18. Thomas Stevenson, incidentally, was the father of the writer, Robert 
Louis Stevenson. 

19. Rankine, WJ McQ. op cit, para 373 

20. Humber, W. 'Cast &*Wrought Iron Bridge Construction' London 1861, p 161 

21. Stephenson, R. tIron Bridges' Encycl. Brit. 8th Edn. 1853 

22. Professor of Mathematics, University of Cambridge. 

23. Secretary, Meteorological Council 

24. Baker, Be 'Long & Short Span Railway Bridges' E&FN Spon, London 
1873, p 122 

25. T. B. I. 19480-86 
26. Smith, C Shaler. 'Wind pressure on bridges' abstract by B Baker in 

Min. Proc. I. C. E. vol 66,1881, p 388 

27. Haupt, H. 'General Theory of Bridge Construction' New York, 1856, 

p 120 

28. ibid. p 169-70 

29. Clarke, T C. 'Iron Bridges of very long span' Min. Proc. I. C. E. vol 54, 
1878, p 196 

30. ibid. p 236 

31. ibid. pp 194,246 

32. Baker, B. 'Long & Short Span Railway Bridges' London, E&FN Spon, 
18739 PP 3,4,141 

33" Min. Proc. I. C. E. vol 54, p 193 

34. Baker, Be op cit. P 117 

35"0 Min. Proc. I. C. E. vol 54, p194,246 

36. Humber, W. op cit. p 207 

37. Rankine, WJ McQ. op cit. para. 383 

38. Baker, B B. op cit. P131* 

39. Maynard, H N. 'Handbook to the Crumlin Viaduct' London, JM Wilson, 
Q! n .. 10 

AVVGý j' +'+ 



" 19o 

40. Humber, W. op cit. p 161 

Chapter 4 

1. Holgate Kerry & Galbraith 'Report of the Quebec Bridge Inquiry' 
Ottawa, HM Govt. 1908, Appendix 8, p 50 

2. -ibid. (=R. Q. B. I. ) Appx. 11, p 73 

3. ibid. P 79' 

"4. 
ibid. p 91 

5. ibid. ' p 97 

6. ibid. P 37 

7. ibid. p9 

8. ibid. - p 92 

9. ibid. p 414 

10. MacDonald, C F. 'The Failure of Ashtabula Bridge' Trans. A. S. C. E. vol 6 
1877, P 74 

11: R. Q. B. I. Appendix 16 

12. ' ibid. p 394 

13. ibid. Appendix 13 p. 105 

14. Bouscaren, G. 'The strength of wrought iron columns' Trans. A. S. C. E. vol 9 
1880, p 447 

15. R. Q. B. I. p 116 
16. Morison, G S. 'The continuous superstructure of the Memphis Bridge' 

Trans. A. S. C. E. vol 29,1893, p 575 

17. ibid. P 580 

18. ibid. P 588 

19. The Engineer, vol 71,1891, pp 489 & vol 72,1891, pp 455,474 

20. Schweizerische Bauzeitung, vol 21,1893, p 55 

21. Tetmajer, L. 'On the causes of the collapse of the bridge over the 
Morawa ... ' Min. Proc. I. C. E., 113, P 391 

22. Greiner, J E. What is the life of an'iron"railroad bridge? ' 
Trans. A. S. C. E. vol 24,1895, P 328 

23. Hodge, Ii W. 'Live loads for railroad bridges' Trans. A. S. C. E. vol 54 
1904, p 77 

24. Jacoby, H. S. 'Recent progress in American Bridge Construction' Science, 
vol 16, no. 392,1902, p 12 

25" Hodge, H W. op cit. P 79 

26. Thomson, GH 'Mechanical Pathology ... in relation to Bridge Design' 
Report of the British Association, Section G, 1888, p 793 

27. Thomson, G H. 'American Bridge Failurrs' Engineering vol 46,1888, p 252 

28. e. g. Trans. A. S. C. E. vol 21,1889, P 585 

29. -Cooper, T. 'American Railroad Bridges' Trans. A. S. C. E.. vol 21,1889, p 47 
' 

30. Fidler, T C. 'English & American Bridges' Engineering, vol 46,1888, p 445 



-- , 

- 191 - 

31. 'Report of the Commission :.. 1849' p 17 & Minutes 938,1229 

32. Clarke, T C. 'Iron Bridges of very long span' Min. Proc. I. C. E. vol 54, 
1878, p 190 

33" Baker, B. Trans. A. S. MechE 1886 

34. from 'The Engineer', precise ref. mislaid. 

35" Schneider, C C. 'The Evolution & Practice of American Bridge Building' 
Trans. A. S. C. E. vol 54,1905 p 213 

36. Jacoby, H S. 'Recent developments in American Bridge Construction'' 
Science, vol 16,1902, p 15 

. 37. Schneider C C. op cit. - 
38. 'Partial fall of the Louisville & Jeffersonville Bridge ... ' 

Min. Proc. I. C. E. vol 116,1894, p 408 

39" Hammond, R. 'The Forth Bridge and its Builders, Eyre & Spottiswoode' 
London 1964 

40. 'Cooper, T. op cit. p-52 

41. Cooper, T. op cit. p1 

Chapter 5 

1. Ammann, von Karmah & Woodruff 'The failure of Tacoma Narrows Bridges' 
Federal Works Agency-Washington D. C. 1941 

2. ibid. p 64 on 

3. ibid. p4 
4. Andrews, Gregory & McMinn, _ 'Report of the Board of Engineers to 

LV Murrow, Director of Highways', 1938 

5. Steinman, D B. 'Suspension Bridges & Cantilevers' D van Nostrand, p 1913 

6. Moiseiff & Leinhard 'Suspension bridges under the action of lateral 

force' Trans. A. S. C. E. vol 98,1933, P 1080 

7. Ammann et. al. op cit. 'Report of T. L. Condron, supervisory engineer' 
Sept 1938, APPx 40 3 

8. Ammann et. al. op cit. 'Report of L. S. Moiseiff to L. V. Murrow' 

July 1938, Appx 2 

9. ibid. p2 

10. 'Report of TL Condron' p3 

11. Ammann et. al. op cit. p 28 

12. Bowers, M. A. 'Model Tests showed aerodynamic instability of Tacoma 

Narrows Bridge' Eng. News-Record vol 125,1940, p 674 

13. Ammann et. al. op cit. 'Summary. & Conclusions' 

14. ibid. p 64 

15. ibid. p 96 

16. Steinman, D B. 'Suspension Bridges: the aerodynamic problem & its 

solution' Am. Scientist, vol 42,1954, p 415 

17. Pugsley, A G. 'The Safety of Bridges' Structl. Engr. vol 46,1968, p 200 

18. Ammann, 0 H. 'George Washington Bridge' Trans. A. S. C. E. vol 97,1933, 

p 1-65 etc. 



-192- 

19. Brown, A. "Golden Gate",, Doubleday and Co, New York, 1965, p. 35- 

20. Ammann et. al. op cit. p 82 

21. ibid. p 67 

22. 'Two recent bridges stabilised by cable stays' Engr. News-Record, vol 125, 

. 
19409-P 752 

23. Finch, J K. 'Wind Failures of suspension bridges' Eng. News-Record, 
Vol "126,1941, p 402 

24. Steinman, D B. 'Design of Bridges against wind' Civil Engng. vol 15; ""} 
1945, p 501 

25. Drewry, C S. 'A memoir on suspension bridges' Longmans, Rees etc. 
London, 1832 (various refs) 

26. Stevenson R 'A paper on suspension bridges' Edinhurgh Phil. Journ. 

vol 5, no. 10,1820, p 243 * 

27. R Stevenson was a notable early engineer, famous for his lighthouse 

. 
building: no relation of G&R Stephenson 

28. Drewry, C S. op cit. p 26 

29. Harness, Capt. 'On suspension bridges' Profl. Papers, Royal Corps of 

Engrs. vol 9,1847, p 145 

30. Weale, J. (ed. ) 'Theory Practice & Architecture of Bridges' London 
1843, supplement to vol 2, p 150 

31. Reid, W. 'A Short Account of the Failure ... of Brighton Chain Pier' 
Prof. Papers, Royal Corps of Engrs. vol 1,1837, p 103 

32. ibid. p 104 
_ 

33" ibid. p 104 

34. Piper, Major. 'A memorandum of the ... repairs ... of the Chain Pier 

at Brighton'P. P. of the Royal Corps of Engrs. vol 2,1838; "p 122 

35" Civil Engr. & Architect's Journal, vol 1, no. 14,1838, p 381 

36. Pasley, C W. 'Description of the ... suspension bridge at Montrose 

... after the hurricane' Trans. Instn. Civ. Engrs. vol 3, part 3,1841, p 219 

37. Rendel, J M. 'Memoir of the Montrose Suspension Bridge' Min. Proc. I. C. E. 

vol 1,1837, p 122 

38. Provis, W A. 'Observations of the effects produced by wind on the 

suspension bridge over the Menai Straits' Trans. Instn. Civ. Engrs. vol 3, 

pt 5,1841, p 357 

39" ibid. P 358-9 
4o. ibid. P 367-8 " 

41. Barlow, W H. 'Description of the Clifton Suspension Bridge' Min. Proc. I. C. E 

vol 26,1866, p 251" 

42. Journal of the Franklin Institute of Pennsylvania, 2nd series, 
Vol 41,1861, p 95 

43. Noyon, M. 'Sur la restauration... de la suspension dü pont de la 

Roche-Bernard' Ann9les des ponts_et chausees, 3rd series, vol 18, 

1859, p 249-325 ýý . 

44. ibid. p 250 

45. ibid. p 257 ' 
46. ibid: p 258 

" 47. ibid. p 258 



- 193 - 

48. 'First Suspension bridge in America', Civil Engng. vol. 4, no. 1,1934, P39 

" 49. see Steinman DB& Watson SR 'Bridges & Their Builders', Döver, 
New York, 1957, P363 

50. Scientific American, vol. 9,1854, P"325 

51. Roebling J A. 'The Cincinnati Suspension Bridge', Engrfg. vol. 4,1867, 

"Pi75 
52. Buck L. L. 'The Niagara Falls & Clifton Steel Arch Bridge' Min. Proc. I. C. E. 

vol. 144, p. 62 

53. 'The Old & New Suspension Bridges over the Niagara River at Lewiston, 
New York', Engng. News, vol. 41,1899, p. 18 

54. Buck L L. op cit. p. 70 

55" see Harness, Capt. op cit. p. 145 

56. Barlow W H. op cit. p. 252 

57. ' Rankine WJ McQ. 'A Manual of Civil Engineering' London, Griffin & Co, 
26th Edn, 1926, p. 578 

58. Roebling J A. Correspondence 20.5.1854 

59" Roebling J A. op cit. p. 98 

60. ibid. p. 140 

61. Bleich F. 'The Mathematical Theory of Vibrations in Suspension Bridges' 
US Depttof Commerce, Washington, 1950 

62. Steinman D B. 'A. Generalised Deflection Theory' Civil Engng. vol. 3, 
1933, P"490 

63. Steinman D B. 'Suspension Bridges' 2nd Edn, 1941, p. 110 

64. 'Two recent bridges stabilised by cable stays' Engng. News-Record, 

vol. 125,1940, p. 752 

65. 'Stays & brakes check oscillation of Whitestone Bridge' Engng. News-Record 

vol. 125,1940, p. 750 

66. Bowers M A. op cit. p. 674 (see ref. 12) 

67. Pagon W W. 'Aerodynamics & the Civil Engineer' Engng. News-Record, vol. 120 
1935, p. 601 etc. 

Chapter 6 

1. Min. Proc. I. C. E. vol. 6,1847, p. 213 

2. Thomson G H. 'American Bridge Failures' Engng, vol. 46,1888, p. 252 

3. Greiner J E. 'What is the life of a railroad bridge? ' TransASCE, 

vol. 24,1895, p. 295 

4. Cooper T. 'American Railroad Bridges' TransASCE, vol. 21,1889 pp43-46 

5. Newberry C W. & Eaton K J. Wind Loading Handbook, UNSO London, 1974 

6. Steinman & Watson, op cit. p. 310 




