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PREFACE

Ir is now more than eighteen years since the author’s little work,
De Pontibus, was given to the engineering profession, and nearly thir-
teen years since the second edition of it was issued. In the preface to the
latter there were indicated ten new chapters for the third edition, the
author then thinking that these would cover substantially everything
additional that he would have to say concerning the subject of bridge
engineering. How erroneous that impression was can be seen by noting
the titles of the chapters of this book and the number of them, which, by
the way, is three and a third times as great as the number of chapters in
the first and second editions of De Pontibus, and two and a third times
as great as that for the contemplated third edition. Moreover, the
average length of the chapters in the new book is about twice as great
asthat in the old one, and the total amount of illustration is some thirty
times as large, making the ratio of the volumes of the two contents fully
seven to one. .

Just after the first edition of De Pontibus was issued, the author began
to prepare systematic analyses, digests, and records of all of his work,
using diagrams whenever feasible; and he has continued that practice
ever since, with the result that he has gradually accumulated a great
fund of thoroughly digested and systematized information which has
proved most valuable, in both office and field, to himself and his associates,
and which, consequently, ought to be serviceable not only to the engineer-
ing profession in general but also to the higher officials of railroads and
any others who may be interested in the building of bridges. It has long
been a dream of the author to give this information to the profession;
but he has recognized that to do so properly would involve an immense
expenditure of both time and money. However, he believes that it is
incumbent upon every member thereof to add his mite to the sum total
of professional knowledge in order to repay in some slight measure the
large obligation which the individual owes to his predecessors for the
accumulated information handed down by them. Only by an altruistic,
farsighted policy of this kind can the profession be advanced to its posi-
tion of greatest usefulness and thereby receive complete recognition of its
value to society. An opposite policy would mean an arrested develop-
ment of professional capacity, a gradual deterioration of engineering
standards, and eventual stagnation.

For eight years after the first issue of De Pontibus the author was
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working under such high pressure that he could find no time for preparing
the revision of that work as indicated in the preface to its second edition,
then he began to despair of ever finding an opportunity before the inertia
of advancing years would prevent the accomplishment of the task. Early
in 1906, when the partnership of Waddell and Harrington was being ar-
ranged, one of the first subjects discussed was that of the writing of the
contemplated third edition; and there was then outlined what it should
contain. The list of chapters grew so rapidly that very soon it was de-
cided to change the title to “Bridge Engineering,” and ignore the idea
of a third edition of the old book. It was intended that the preparation
of the new book should be the joint work of the new firm, the author
feeling then that the task would be too onerous for him to undertake
single-handed. Unfortunately for the book, at least as far as its early
completion was concerned, the firm developed an exceedingly large and
important practice, amounting at one period, simultaneously in both
office and field, to some fifteen million dollars’ worth of bridge work, so
that very little time could be spared for technical writing. From time
to time, however, the author managed to prepare a few of the chapters
allotted to him; but Mr. Harrington never found it convenient even to
start on the preparation of his share thereof, consequently the progress
was slow and unsatisfactory during the eight years of the firm’s existence;
and a great deal of what the author succeeded in writing became stale
and antiquated, owing to the progress that was continually being made
in the science of bridge building.

In the summer of 1914, while the author was in Cuba struggling with
the materialization of a great bridge project, Mr. Harrington announced
his intention of withdrawing from the firm; and, of course, the author
agreed, reserving later the right of twelve months’ notice according to
the terms of the partnership contract. When Mr. Harrington and he met.
about the end of October, it was decided that the author should take over
the writing of the proposed treatise, but should deal in a general way only
with the subject of movable bridges, so that Mr. Harrington may some
day write an exhaustive and detailed monograph thereon, as he is eminently
capable of doing. It is to be hoped that nothing will prevent his under-
taking and completing the proposed book on the lines now contemplated;
for it would certainly be a great boon to bridge builders.

Had it not been for the European War and the consequent utter paraly-
zation of bridge engineering due to its baneful influence, not only in
Europe but also in the United States—and in fact throughout the world
—this book could never have been written. Recognizing that the in-
activity in bridge work would probably continue as long as the war lasts,
and that the end thercof was likely to be remote, the author decided not
to attempt the disheartening task of endeavoring to secure small business
for the sole purpose of keeping occupied those of the firm’s assistants who
had chosen to cast in their lot with him, but to settle down systematically
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PREFACE X

to work on the preparation of the MS. of his book and to continue it
without cessation until completion. He was not able to make an actual
gtart on it until the first of December, and his assistants were not in shape
to give him much aid until January or February, owing to the necessity
for completing the plans of the Pacific Highway Bridge over the Columbia
River between Vancouver, Wash., and Portland, Ore., on which the firm
of Waddell and Harrington had been retained as engineers.

The first step taken was a rearrangement of the chapters and a com-
bination of certain of them, thus reducing the total number from one
hundred and six to eighty without omitting anything but one chapter
on “Ocean Piers” and the contemplated detailed treatment of shopwork,
substituting, though, for the latter a chapter on ‘“Shopwork as Affecting
Bridge Design.” The next step was a drastic one, viz., the rewriting
personally by the author of some forty chapters, representing his entire
intermittent labor on the book during a period of eight and a half years,
including all seven of the finished specifications for designing and con-
struction, which were combined mainly into two chapters, viz., LXXVIII
and LXXIX. This involved an immense amount of labor; but there was
taken at the same time a still more drastic step involving much more,
viz., the changing of the designing specifications so as to bring them
not only up to date but also a trifle ahead of the times. The changes, it
' is true, were by no means radical, but they involved live loads, impacts,
and intensities of working stresses, with the consequence that the old
. record diagrams, considerably over one hundred all told, had to be revised
to meet the conditions of the new specifications. Their number, however,
} Was materially reduced by combination, care being taken not to confuse
the user thereof by any too complicated methods of recording. Many
new diagrams were also prepared so as to systematize certain data that
theretofore had been deemed by the office force too complicated to be
susceptible of diagrammatization. All this necessitated extensive labor
on the part of both the author and his assistants. Again, it was found
necessary to make a number of special investigations in order to deter-
mine certain formulee, functions, and relations previously undeduced or
else either unsatisfactorily or too approximately established. All this has
kept very busy everybody concerned, the author working regularly eleven
or twelve hours per day (except Sundays, when only seven hours were
utilized) and his assistants from eight to ten hours per day. The prin-
cipal of these assistants were Messrs. Robert C. Barnett, C.E., Herman
H. Fox, C.E., Shortridge Hardesty, C.E., N. Everett Waddell, C.E. (the
author’s son and now his partner), and Miss A. C. Humbrock, his stenog-
rapher. His brother, Robert W. Waddell, C.E., also aided by compiling
aportion of the Glossary. The author’s preliminary estimate of time re-
quired for the preparation of the MS. has been exceeded by one hundred and
fifty per cent, and the anticipated labor and expense have been more than
doubled. As a matter of interest to those engineers who do not indulge
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in the luxury of technical-book writing, it might be stated that the total
cash outlay involved in preparing the MS. for the publisher and in doing
the proofreading amounts to $13,000, including the money spent by the
old firm in making a thorough search of engineering literature, which
expense, of course, the author assumed in taking over the writing of the
book. To this amount must be added at least $10,500 to cover the cost
of getting out the first thousand copies, making a total expenditure of
fully $23,500. This cost, perhaps, is excessive for engineering writing;
and, of course, it could have been materially reduced by the authors
making many of the computations himself; but such is not his practice,
for he is a firm believer in the principle that “it is uneconomical to do:
yourself what you can pay another to do for you.” Again, it might be
observed that to prepare the MS. for such a treatise as this entirely un-
aided would require all of ten years of the author’s undivided time and
attention, and that the book when finished would then not be up to date.
One of the most difficult tasks encountered has been continually to inject.
into matter deemed to be already complete new material due to the
latest developments in engineering practice, amplifications of ideas pre-
viously covered quite thoroughly, and additional tables and diagrams
specially prepared so as to bring the treatise not only up to present en—
gineering practice but also somewhat in advance thereof.

In writing this book it has been the author’s aim to give to his readers,
concerning every branch of bridgework, all the information that he has
been able to accumulate during a practice of forty years. Nothing off
any value has been omitted, except such matter as can readily be ob—
tained from other books; because he never has been a believer in the
pseudo-economic idea that what has cost much labor and money to dis-
cover and record should be utilized only for one’s personal gain. Om
that account there appear for the first time in print all the diagrams off
weights of metal, quantities of masonry, costs of constructions, economie
functions, etc., that this book contains.

As was the case when De Pontibus was written, it has been the author's
endeavor to keep quite close to his own practice in the methods of bridge
designing described; but as this work attempts to cover essentially the
entire field of bridge engineering (excepting only the theory of stresses
and similar matter which can be found in all standard books on bridges)
while De Pontibus did not, it has become necessary in the illustrations t&
include occasionally structures designed by other engineers; and in a¥
such cases full credit has been given them. It seems hardly necessary
but yet may be advisable, for the author to apologize to his readers foO
the characteristically personal style of his writing; and he herewith doe
so with the hope that he will be pardoned therefor, as he undoubtedl
was in the case of De Pontibus, which was written and illustrated in e=
actly the same style and manner. The book is intended to be, in a certe=n
sense, a record of the author’s life work, prepared after a ripe experiess
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and before age has begun to diminish his energy or to deteriorate his
mental capacity. He feels that he has given to the profession which is
80 dear to him, and which he appreciates so highly, the best effort of which
he is capable, trusting that its members will pardon his shortcomings, and
that they will agree that when his time comes to pass on to the beyond,
he will be worthy of that famous Colorado epitaph, with which he once
concluded an address to a large body of engineering students, “He done
his level damnedest; no angel could do no more.”

Those readers who have perused De Pontibus will notice that a por-
tion of the contents of that book has been absorbed in this one; but
everything thus utilized has been brought up to date. Wherever any
changes seemed advisable they were made, but otherwise the old text
was copied verbatim. This was unavoidable if the new book were to be
made complete, because there are certain facts and principles given in the
old one that are permanent and unchangeable; and it would have been
a serious mistake to omit them simply because the author had put them
in print before. He has also quoted freely in certain places from papers
that he has presented to technical societies, when such papers or portions
of them expressed exactly what he desired to state. No apology for this
is necessary. It will also be noticed that a prominent feature of the
treatise is the comparatively small number of quotations from other writers,
the author generally preferring to state his own opinions and conclusions
directly. However, when it appeared advisable for him to depart from
this practice, he did so without hesitation.

The method of numbering the various illustrations and the tables
scattered throughout the book needs some explanation. Considerable
thought was given to the suggestion that all these be grouped near the
end thereof before it was decided to place them in the text as close as
practicable to where they are first mentioned. The method of nomen-
clature adopted is to give to each illustration or each table the number
of the chapter in which it appears, followed by a letter of the alphabet
indicating its position in that chapter. Where more than twenty-six
illustrations are contained in a single chapter, the letters are doubled, up
to a total of fifty-two, after which they are trebled. Thus Fig. 195 shows
that the illustration pertains to Chapter XIX and that it is the tenth
given therein. Similarly, Fig. 55e¢¢ denotes that the illustration thus
named belongs to Chapter LV and that it is the thirty-first in order.
Had the number been 55eee, it would have indicated the fifty-seventh
illustration of Chapter LV. Of course, there will never be any need for
knowing the number corresponding to the lettering, as the latter is in-
tended only as an aid in finding the location of any required illustration
or table by turning over quickly the pages of the chapter to which it
belongs. Attention is called to the fact that in listing the various illus-
trations, they have been divided into three groups, viz., “Ordinary Fig-
ures,” “Cross-Section Diagrams,” and *‘Views.” It is thought that this
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division will aid the reader in locating any particular illustration to which
he desires to refer.

In writing a preface to a technical work, custom decrees that it is
permissible to state what classes of persons can use it to advantage and
how; and the author desires to avail himself of that privilege.

Primarily the book should prove useful to all engineers who are en-
gaged either directly or indirectly in the designing and building of bridges,
and especially to the younger ones; for not only are the principles of
design explained and exemplified, but also many practical hints are given,
which otherwise could come to them only through wide experience. With
the various tables and diagrams it is feasible to make quickly a close
estimate of cost for nearly every kind of bridge and for structures of any
length and size yet attained, no matter what may be the complication of
traffic that they have to carry. Again, in respect to spans of unpre-
cedented weight and length, data are given for determining, at least ap-
proximately, the weights of metal required by the use of alloy steels of
various elastic limits. Also the practical treatment of secondary, tem-
perature, and indeterminate stresses is expounded, as well as are the
standard methods of computing for deflection and proportioning for
camber. The general detailing for all kinds of fixed spans is treated in
connection with the first principles of designing. It is true that the
special detailing of movable spans is not covered, except incidentally;
nevertheless the same general principles will apply to these structures.
The protection of metalwork is dealt with at length, and its importance
is emphasized. The practice of the designing and construction of re-
inforced-concrete bridges is explained very fully, but none of the theory
_ is given, excepting only a small portion in relation to certain formula:

that have been established in the author’s office. All kinds of substruc-
tures are described and illustrated, specifications are given for their de-
signing, and explanations of how, when, and where to adopt the different
types are furnished. The preliminary work antecedent to the actual de-
signing of bridges receives thorough attention in Chapters XLVI to LI,
inclusive, and also in Chapter LIV. Aesthetics and true economy in
design are fully discussed in Chapters LII and LIII. Quantities of ma-
terials of the various kinds used in bridge construction are given ip.
Chapters LV and LVI; and the preparation of estimates, specifications,
contracts, and reports is treated at length subsequently. In Chapters
LX to LXYV, inclusive, all matters relating to field engineering are covered;
and the inspection of materials of all kinds is exhaustively discussed in
Chapter LIX. Business matters relating to engineering receive attention
in Chapters LXXI to LXXYV, inclusive; and questions of an ethical
nature are dealt with in Chapters II, LXXVI, and LXXVII. In Chapter
LXXVIII are given in complete detail specifications governing the de-
signing of the superstructures for all kinds of bridges, trestles, viaducts,
and elevated railroads, together with a clause-index at the end for the use
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of computers, so as to enable them to find quickly any particular clause
required. Specifications for the designing of substructure are appended to
Chapter XLIII, and specifications for the designing of reinforced-concrete
bridges will be found in Chapter XXXVII. In Chapter LXXIX are
complete specifications governing the manufacture and erection of the
superstructure, substrudture, approaches, and all accessory works of
bridges, trestles, viaducts, and elevated railroads; and in addition thereto
is a clause-index that makes the specifications easy to use. By employing
them in the manner explained, any bright young engineer who has a
general knowledge of bridgework will be able to prepare truly first-class
construction specifications, complete in every particular and systematically
arranged, when calling for bids upon any class of bridgework for which
the preliminary drawings have been made, and quantities of materials
computed. Finally, in Chapter LXXX will be found the most exhaustive
glossary of technical terms used in bridgework that has ever been com-
* piled; and the general index which closes the book is so complete as to
enable any one to find very quickly any point whatsoever that is dealt
with in the treatise.

While the work was not prepared as a text-book for engineering stu-
dents, it is well adapted to supplement the standard treatises used in
the classroom. It would be of value to them as a book of reference;
and if there were three or four copies in the library, they would be found
generally instructive on such matters as the history of bridge engineer-
ing, ethics, materials, loads, intensities, first principles of designing,
esthetics, economics, and business, all of which subjects are treated
in a manner that is simple and which makes easy reading; consequently
those students who are studying for the sake of learning and not
merely to secure a degree with the least possible mental effort would
read such chapters, especially if they were advised to do so by their
instructors. Again, in the preparation of thesis work and in the making
of students’ designs the more solid chapters would be found a great
help, giving, as they do, a vast fund of practical information such as
the designer needs.

The book should be found useful by those higher officials of the rail-
roads who are not engineers; for the presidents, general managers, and
superintendents ought to be able to estimate on the costs of bridges for
their systems; and they could readily do so by utilizing the diagrams
given in Chapters LV and LVI. Besides, there is much information of a
general nature scattered throughout the book, which would be of interest
to such men. '

As a book of reference for the general public, the work should find a
place on the shelves of public libraries, especially in those centres of popu-
lation where much bridgework is done, and in those where engineering
students congregate; and it certainly ought to prove useful in the libraries
of all universities, colleges, and technical schools.
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It is evident, as previously indicated, that this book of a million words
with all its diagrams, tables, and formule could not have been written
in sixteen months by one man working single-handed, no matter how
large might be the amount of his accumulated data. On the contrary, it
was necessary to employ constantly a large number of men, all working, of
course, under the close personal supervision and direction of the author, so
as to prepare or digest the material needed for his use in writing. To these
gentlemen, and especially to Messrs. Hardesty, Barnett, Fox, and Everett
Waddell, the author is greatly indebted for their faithful and intelligent
aid and painstaking care; and he herewith tenders them his hearty
thanks therefor, trusting that the experience they have thus obtained
in technical-book writing will stand them in good stead in future
years. He desires specially to thank his stenographer, Miss Humbrock,
for her careful work and unfailing willingness and courtesy in typing
and retyping the chapters and in modifying them from time to time
by changes, insertions, and additions that proved to be necessary as the
work progressed.

Throughout the book are to be found acknowledgments with thanks
for aid received from brother engineers, both directly for this treatise and
through their published works; but the author desires to repeat here his
thanks to his old friends, Messrs. Henry W. Hodge, Paul L. Wolfel, Albert
Reichmann, and Hildreth & Company for the trouble they took to furnish
certain valuable data for which they were asked. To Dr. Charles Warren
Hunt, Secretary of the American Society of Civil Engineers, are tendered
the author’s thanks for his courtesy in having a search made in the Society’s
library for data on a number of subjects. To the Teachnor-Bartberger
Company of Kansas City, which prepared the illustrations, is rendered a
willing acknowledgment of obligation for their excellent work, and espe-
cially to their Mr. Roger Cunningham for much valuable advice as to
how best to prepare the diagrams so as to obtain fine prints without going
to the practically prohibitive expense of making wax cuts. In preparing
the Glossary of Technical Terms, reference has been made to a number
of illustrations in Prof. Ketchum’s invaluable work, ‘“Structural En-
gineers’ Handbook,” instead of reproducing them in this already too
elaborate and expensive treatise. No apology for this petite économie is
necessary, because any engineer who is sufficiently interested in bridge-
work to warrant his using the said glossary cannot afford to be without
the said handbook. Finally, the author desires to acknowledge his in-
debtedness to the American Railway Engineering Association (in his
opinion, the most active and cfficient engineering society in the United
States) for much valuable data taken from its Proceedings.

In conclusion, the author would state that he considers this book to
be the greatest and most important work of his entire professional career,
which has been an unususally busy one; and most certainly he would be
bitterly disappointed if, for many years to come, it should fail to prove
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of great value to the engineering profession, and especially to the younger '
mmnbers thereof, in whose success he has always taken a deep interest,
pimarily on account of his six years’ association with young men when

. M was a teacher of engineering, and also because of the memory of his

- -
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om hard struggle to attain professional success.

J. A, L. WADDELL.
Kansas Crry, Mo., May 17, 1916.
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BRIDGE ENGINEERING

CHAPTER I

EVOLUTION OF BRIDGE ENGINEERING

Topay bridge building is truly a science; only three decades back it
as hardly worthy to be termed an art; while seventy-five years ago, in
ir own country at least, it was no better than a trade. Nearly all of
ie important and distinctive features of modern American bridge prac-
ce have been developed within the memories of eggineers still living;
ud so far as most lines of bridge construction are concerned, the same
atement holds true for European practice as well. But while bridge
asilding as a learned profession is thus of very recent origin, it must not
¢ thought that the previous centuries made no contributions to our
nowledge of bridge construction; for there are in existence today bridges
1at have withstood the ravages of time for over two thousand years,
ad the records of antiquity tell of others built many centuries earlier—
ren before the dawn of authentic history. But bridge engineering reaches
ill farther back into the past; for primitive man must have built many
ossings over shallow streams by piling in rocks for piers and covering
em with slabs of stone or logs, or by felling trees so as to span small
vers. Howcver, we must look to still earlier ages for the beginning—
sk to the days when our arboreal ancestors formed living chains of their
mn bodies, holding to each other with arms, legs, and tails, thus con-
ructing suspension bridges across the water from the overhanging
ranches of opposite trees, in order to let their tribé pass over in safety
) the other side, in the same manner as is still practised by their unde-
toped descendants who reside today in the South American forests,
y shown in Fig. 1la. Assuredly, the aged simian of those bygone times
bo directed the construction and operation of such a structure was a
ridge engineer in the truest sense of the word as well as a being of high
telligence in comparison with his contemporaries.

From such a beginning to the present-day achievement of an East
iver suspension bridge or a Quebec cantilever structure is, indeed, a long
tvanee; but could we trace the intervening steps of development, we
wuld find that our modern bridge is the cumulative result of the past
forts of the bridge constructor to meet the increasing demands on his
genuity. To give the reader a better conception and appreciation of
e magnitude and character of this advance, and of the factors that
we influenced it to a large degree, it is well to review in a brief way
xh facts as history presents or that can be gleaned from observation

1
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EVOLUTION OF BRIDGE ENGINEERING 3

of existing structures or the ruins of early ones. From such data it may
be seen that the evolution of bridge engineering is the resulting combina-
tion of the evolution of the form of structure, of the materials of con-
struction, of the methods of design, of the methods of fabrication, and
of the methods of erection. There has been a collateral development
along these several lines, and the history of one involves that of the others,
80 that we find it necessary to pursue one line to a certain stage of devel-
opment and then revert to the beginning and trace out the evolution of
another branch. Furthermore, as bridge construction has been practised

Fia. 1b. Indian Bridge over the Bulkley River at Moricetown, B. C.

contemporaneously in the various parts of the inhabited globe under dif-
ferent environments, we should naturally expeet the carly development.
to have gone forward along different lines in these several portions, and
such we find is the case; hence there will bhe an advantage in following
independently, for a time, each line until it converges with the others.
Considering first the evolution of the form of structure, we must seck
for the earliest types among primitive man in prehistorie times.  Of these
we have, of course, no records and can judge only from the work of sav-
age races of our own day. Undoubtedly the prototype of our present
beam or girder span was the log or tree felled across a stream, while the
“monkey bridge,”” or a hanging, looping vine furnished the inspiration
fur the early suspension bridge. That our primeval ancestors may have
built structures of some magnitude may be inferred from two bridges
constructed by the British Columbian Indians, photographs of which are
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shown in Figs. 10 and lc. The former is a view of a cantilever bridge
across the Bulkley River at Moricetown, about fifty miles above Hazle-
ton, B. C. The span length is about 75 feet and the height above the
water about 100 feet. Two poles were pushed out from either side and
anchored down with heavy stones, and between the opposite ends of the
two pairs of cantilevered girders thus formed were placed two overlap-
ping logs all lashed together with telegraph wire.

Fig. 1¢ pictures the Ahwillgate Indian Bridge at the village of Ahwill-
gate across the same stream about four miles above its junction with the

Fig. 1c. Indian Bridge over the Bulkley River at Ahwillgate, B. C.

Skeena River at Hazleton. The span is 150 feet in the clear, and the
height above the water is about 200 feet. The structure is entirely of
Indian design and construction and was at one time a suspension bridge,
the cables for which were made from telegraph wires twisted together.
The timbers are all round poles lashed to one another with wire. There
are two separate systems of suspension: first, from the wooden towers to
and under a cross-log at the centre of the span; and, second, from the
said towers to the tops of the vertical posts in the triangles, and thence
to and under the cross-log just mentioned. The truss in the centre was
an afterthought, having been added so as to stiffen the central portion
of the structure. The tension members of the trusses (invisible in the
photograph) are of twisted telegraph wires tightened by a Spanish wind-
lass. There are wire guys from bridge to shore above and below to take
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up the wind pressure. The roadway is only six feet wide, being designed
solely for the passage of pedestrians and pack-horses. The wire employed
wus left in the country when the ‘““Collins Overland Telegraph Line”
was abandoned in 1866 on the completion of the Field Submarine Cable.
This bridge existed as a cantilever in the early sixties before the wire
was available. Fig. 1d shows quite clearly the dectails of construction
of this primitive structure, which, undeniably, is a most creditable piece
of work for entirely uneducated men. It proves that there are good
bridge engineers outside of the civilized peoples of the world, and that
constructive ability is not always confined to those who have learned
to read and write. In corroboration of the implied suggestion that the
structure just described is the work of uncivilized man, it might be stated
that the tribe of Indians who built it would not permit it to be used for
traffic until after it had been tested thoroughly by placing upon it a heavy

F1a. 1d. Indian Bridge over-the Bulkley River at Ahwillgate, B. C.

load of squaws. Undoubtedly, they must have considered the advis-
ability of making the test with horses or cattle, and have concluded that
it would be more economic to risk losing their less valuable live stock.

Passing from the realm of conjecture and inference to that of a par-
tially known and indefinite history, we find that the Caravan Bridge over
the River Meles, at Smyrna in Asia Minor, is of a very early though un-
known date, and is believed by many to be the oldest existing bridge.
It is a single span, forty feet in length, and still in use, most of it being
in its original condition. There is a very ancient beam-type bridge
in England, which is believed to be of the same age as Stonehenge, or
over two thousand years old. It is over the East Dart, and has three
piers constructed of granite blocks which carry granite slabs, one of them
being fifteen feet long by six feet wide.

The earliest bridge of which there is any truly authentic record was
built over the Euphrates at Babylon by Semiramis or Nitocris about
780 B.c. Herodotus described it, writing in 484 B.c. It was a short-span
structure thirty-five feet wide, of timber beams resting on stone piers.
Only a few other ancient bridges, except those that were built by the
Romans, can be described with any certainty. Two other early bridges
of the beam or girder type were built in Greece about 425 B.c., one at
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Assos and one at Eubcea. Both had stone piers, which carried stone
lintels or beams in the case of the bridge at Assos, and timber beams
in the case of the one at Eubcea.

However, the Romans were the real bridge builders of antiquity, and
the records of much of their work are fairly well preserved. The earliest -
Roman bridge of which we have any exact information was the Pons
Sublicius, over the Tiber at Rome. This was a timber structure, of the
beam type, resting on piles and so arranged that the floor could be re-
moved. It was built about 620 B.c., and was made famous by Horatius
Cocles holding it against the Etruscans under Lars Porsena in 598 B.c.
The most celebrated of all the early bridges was Caesar’s pile trestle, built
in ten days’ time, over the Rhine, during the year 55 B.c. Under the
Romans the timber beam span reached its culmination. No great devel-
opment could take place in this type of structure until a correct theory
of beam action had been established and a material obtained that would
meet the requirements of such theory. The passing from a beam of
rectangular section to that of the more efficient I section was of rather
late but unknown date—after cast iron became available for bridge con-
struction. This, of course, was superseded by the rolled section or a
beam built up of plates and angles—the modern girder.

Another early form of construction used by primitive man was the
suspension type. It is more than likely that suspension bridges of crude
form were the first kind of bridge to be employed for the spanning of
openings which exceeded the length of a single log. Tyrrell in his “His-
tory of Bridge Engineering’’ states that they were used in remote ages
in China, Japan, India, and Tibet, also by the Dyaks of Borneo, the
Aztecs of Mexico, and the natives of Peru and other parts of South Amer-
ica. The cables of these primitive structures were made of twisted vines or
straps of hide and fastened to trees or other permanent objects on shore.
No date can be assigned for the building of the first suspension bridge;
one of 330 feet span is said to have been built in China about A.p. 65,
and it is believed that others had been completed in that country many
centuries earlier. No very great span-length could be attained until
stronger materials could be had for the cables, so that it remained for
comparatively recent centuries to see much development in this type.
Iron chains for suspension cables were adopted in both India and Japan
five hundred years or more ago, while rope was employed for the same
purpose in Europe, India, and South America several centuries back.
But little improvement was made until modern times when the stiffening
truss was added and wrought iron and steel were made available for
construction.

Another early form of bridee was the cantilever span. As this re-
quired a little higher order of intelligence to construct than the beam or the
suspension type, it is likely thet its advent was of a later date. As far
back as 1100 B.c. it is known tkat the ancient Greeks employed the “cor-
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beled arch,’”’ which, strictly speaking, is a form of cantilever construction
and not an arch at all. The Egyptians made use of corbeled stone arches
two or three thousand years before the Greeks. One of the ancient
examples of cantilever construction is that of a Japanese structure known
as the “Shogun’s Bridge” in the sacred City of Nikko, which bridge
was erected about 500 or 600 A.n. It has stone piers or, more strictly
speaking, bents; for the cylindrical columns are pierced with rectangular
holes to permit of the insertion of tightly fitting, cut-stone struts. The
superstructure, which is mainly of timber, consists of beams jutting out
from each pier, with the gap between their ends spanned by other beams,
making true cantilever construction. As the author lived within a
short distance of this bridge during two summers of his sojourn in Japan
in the early eighties, he became quite familiar with its appearance, which
is truly artistic—like most other Japanese constructions. Fig. le, re-
produced from a photograph which he secured at that time, gives a rather
inadequate representation of its msthetic nature. The wooden portion
of the bridge has since been destroyed by fire and replaced. Of course,
the timber parts of this historic structure must have been renewed many
times during the centuries that have passed since its first construction;
but it is claimed, and probably with truth, that the stone bents which
form the substructure are those originally built.

The Chinese are believed to have constructed cantilever bridges many
centuries ago. A cantilever bridge built in 1650 A.p. at Wandipore, Tibet,
had a span of 112 feet and lasted 150 years. It was a timber structure
put together with wooden pegs, and without metal of any kind being
used in the span. The Hindoos are also credited with having built can-
tilever spans at a very remote age. The development of the cantilever,
however, did not proceed very far until modern times, when the truss
form of structure had become established and when iron and steel con-
stituted the materials of construction.

Another and later form of bridge and one requiring a higher degree
of skill and intelligence than the other types referred to was the arch.
The construction of masonry arches began before the days of authentic
history; and it is impossible to determine to whom should be given the
credit of building the first bridge of that type. It is likely that the pre-
viously mentioned “corbeled arch’” such as used by the ancient Greeks
was the precursor of the true arch. As before stated, corbeled stone
arches were used by the Egyptians in the Pyramid of Gizeh, dating back
some three or four thousand years before the Christian Era; and brick
arches of crude form are found in the ruins of Thebes in structures that
were probably built about 2900 B.c. Before the founding of Rome, the
Etruscans in Italy had used, quite largely, arches of the corbeled type,
and occasionally the true arch; and the Romans doubtless drew from
them their early knowledge of that style of construction. A true stone
arch was found in a tomb in Thebes, which tomb is thought to have been
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constructed about 1540 B.c. But all of these may have been antedated
by a true stone arch found in a pyramid of red sandstone on the island
of Meroe, in Ethiopia. Some authorities consider this to be the earliest
arch known and that the Egyptians obtained their knowledge of arches
from the Ethiopians. All of the arches above mentioned are of short
span; and it is not certain that either of these peoples applied the
arch to bridge construction. It is very unlikely that the Egyptians ever
built any large spans of that type, as they mistrusted the arch, saying
that “it never slecps”; that is, they believed that the horizontal pressure
on its abutments would eventuilly accomplish its destruction. The Hin-
doos, too, have always refused to adopt the arch, saying, as did the Egyp-
tians, that “it never sleeps.” Because of this, as has been previously
noted, they constructed suspension bridges many centuries ago; and they
are helieved to have built cantilever structures as well.

The inhabitants of the valleys of the Euphrates and the Tigris also
were familiar with the arch at a very carly period. The Babylonians built
puinted brick arches for sewers certainly as carly as 1300 B.c., and some
of them are believed to date back to 4000 B.c. In the time of Nimrod,
about 2200 B.C., the River Euphrates in the City of Babylon was crossed,
it is claimed, by a single brick arch thirty feet wide and six hundred and
sixty feet long; but this information must be taken cum grano salis. It
is more than likely that the total length of the arch bridge was six hun-
dred and sixty feet, and that the spans were short, because there is a
record of another Babylon bridge of just that length, composed of stone
piers supporting a wooden platform, as previously deseribed.  This struc-
ture may very well have been the first large arch bridge ever constructed.

The Chinese have employed the true semi-circular arch for ages, and
have brought its construction to a very high plane of excellence, although
their old spans were always short. Arches were built in their Great
Wall about 214 B.c., but the time when they were first introduced in
China is unknown. Chin-nong, who is supposed to have lived about
2000 B.C., is said to have constructed bridges over navigable streams, but
their type is not stated, and the date is very uncertain. It may be that
to him, and not to the Babylonians, belongs the honor of having constructed
the first large arch bridge.

However, it remained for the Romans to bring the masonry arch to
its high degree of development during the cleven centuries succeeding
the construction of Pons Sublicius previously mentioned. Many notable
bridges, which were built by them in this period, are characterized by
the semicircular masonry arch. Tarquinius Priscus is reputed to have
constructed a three-span bridge of this type, known as Pons Salarius, over
the Teverone, as early as 600 B.c. Probably the first stone arch bridge
over the Tiber at Rome was Pons AEmilius, built about 178 B.c. on the
site of the modern Ponte Rotto. It was followed in 100 B.c. by a similar
structure called Pons Milvius, which exists today under the name of
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Ponte Molle, and contains portions of the original construction. Pons
Fabricius, a masonry arch bridge of two eighty-foot spans, also over
the Tiber at Rome, was built about 62 B.c. This still exists under the
name of Ponte Quattro-Capi, and is yet in use, with nearly the entire
structure in its original condition. In all, the Romans built eight bridges
over the Tiber within the City of Rome, concerning which structures our
knowledge is certain, and there are evidences that several others existed
as well; and many other bridges were built at various places throughout
the Empire. Some of these were portions of the magnificent system of
stone roads which ran in all directions”from the Eternal City, while
others were temporary bridges constructed for military purposes only.

A large timber arch bridge was the one over the Danube in Hungary,
which was constructed by the order of the Emperor Trajan in 104 A.p.
It was designed and built by Apollodorus of Damascus, the greatest
engineer of that period, and contained twenty wooden arch spans resting
on cut-stone piers. There is good reason for believing that the length
of each span may have been as much as 170 feet.

The Romans constructed also many arched sewers, some of which are
still in use, and many aqueducts, some of which were carried over
valleys and streams on large masonry arch bridges. One of the best
known of these aqueducts is the Pont du Gard, built in 19 B.c., to supply
the city of Nimes in France with water; and it is still used for that pur-
pose. It is in three stories, and has a length of 885 feet, the greatest
height being 160 feet.

The Romans brought the art of constructing the semicircular stone
arch to a high degree of perfection. They employed cut-stone voussoirs,
fitted together without mortar; and so exactly was the work done that
they appear to have been ground. A hydraulic cement of a pozzuolanic
nature was employed for the making of concrete, which was utilized for
backfilling arches, laying up walls, lining aqueducts, and many other
purposes. A great deal of it is nearly perfect after two thousand years.
The arches were usually of short span, but some of them were about
one hundred and twenty (120) feet long, comparing very favorably with
similar bridges of the present day. Their subaqueous foundation work
was not so good, as the piers generally rested on stones piled up on the
river-bed, which was not always excavated previously; and their width
was usually about one-third of the clear span. On account of the result-
ing contraction of the stream and the unsatisfactory foundations, the
piers were frequently undermined. In some of their structures, the span-
drels over the piers were pierced with small arches, in an effort to increase
the waterway.

With the fall of Rome, bridge construction in Europe came to a stop,
and for many centuries little progress was made. In consequence, the
magnificent system of roads and bridges of the Roman Empire soon fell
into decay, very few bridges being built, and nearly all of these being
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ofly constructed. Probably the pioneer bridge builders of the Mid-
e Ages were the Moors in Spain. In the twelfth century the Benedic-
ne monks founded a religious order known as the “ Brothers of the Bridge”’
Fratres Pontis), the duty of whose members was the construction and
epair of bridges; and under their leadership considerable work was done.
Their substructure work was notably better than that of .the Romans.
[here were a few other notable contributions to bridge building made
luring this period. The Gothic or pointed arches appeared about the
thirteenth century, and the segmental and elliptical arches about the
same time. The Gothic arches were never widely used for bridges, to
which their outline is ill adapted; but the other types mentioned
soon found much favor, and even today they are employed for
many structures. The segmental type was adopted in 1380 for the
construction of a granite arch of two hundred and fifty-one (251) feet
span and eighty-seven (87) feet rise over the Adda River at Trezzo, in
Italy. It was of unprecedented size, and it was not until the opening
years of the present century that a masonry arch of longer span was
constructed. It was destroyed in 1410, but the abutments remained until
recent years. The elastic arch, as distinguished from the voussoir arch,
did not make its appearance until the early part of the nineteenth cen-
tury. The first span of this type was the wrought-iron foot bridge de-
signed by the French engineer Bruyére and built over the river Crou at
St. Denis, in 1808. However, it was nearly the middle of the nineteenth
century before the superiority of wrought iron was recognized and cast iron
was discarded for bridge purposes. The development of the elastic theory
gave a basis for rational designing, and the introduction of steel and rein-
forced concrete has led to the present high status of arch bridge building.

A somewhat later form than the beam, suspension, cantilever, or arch
type, perhaps, is the pontoon bridge, for some skill in boat building must
have been developed before pontoons could have been used for support-
ing the spans. The Chinese are believed to have built pontoon bridges,
as well as cantilevers, many centuries ago, and to have provided means
for opening some of the spans for passing vessels. Homer, who lived
some time between 800 and 1000 B.c., writes as though bridges were com-
mon in his day, and mentions in particular pontoon bridges for the pas-
sage of armies. It i8 known that the Persian kings Cyrus, Darius, and
Xerxes about 500 B.c. used pontoon bridges for military purposes, cross-
ing in this manner the Hellespont, the Bosphorus, and even the Danube,
and that Alexander the Great constructed similar bridges about 330 B.c.
Very little change in this form of construction has occurred, as other
types have proved more desirable for permanent structures.

The last form of bridge construction to be evolved, but the one des-
tined to promote the highest development of the art of bridge building,
was the truss. It remained for Palladio, an Italian architect of the six-
teenth century, to invent several trusses (making use of the panel principle)
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which were quite similar in form to our modern types. He constructed
many bridge and roof trusses of timber, and wrote an elaborate treatise
on architecture, in which they were fully described. Unfortunately for
mankind, his discovery was allowed to lie unnoticed for several centuries.
A notable advance in bridge construction occurred about 1760, when
John and Ulrich Grubenmann built several timber spans near Baden,
Germany, the largest being one of three hundred and ninety (390) feet
over the Limmat at Wittengen—the longest timber span on record. The
members of these structures were arranged in a complicated manner that
would defy stress computation. Prof. Wm. H. Burr, in his “Design and
Construction of Metallic Bridges,” describes it as consisting “more nearly
of a superposition of a number of queen-post trusses with some timbers
disposed throughout its length in such a way as to act somewhat like
an arch.” ’

So far attention has been directed to the development of superstruc-
ture forms, with but brief mention of substructure work. It has been
noted that the subaqueous work of the Romans was inferior to that of
their superstructure. Apollodorus, in the construction of the bridge over
the Danube previously mentioned, employed some form of caisson for
building the piers; while for some other structures foundation piles, driven
until their tops were below low water, appcar to have been used. They
always tried to locate their piers so that the bases could be laid in the
dry; and they preferred rock foundations. The foundations of London
Bridge, begun in 1176 by Peter of Colechurch, consisted of strong elm
piles, driven deep, with a timber platform thereon to support the mason-
ry of the shafts. This work proved to be very substantial, and the piers
of several other bridges were built in a similar manner. Gradually further
improvements in substructure work were made, but it was not until 1635
that a dredging machine was employed for the first time in the construec-
tion of a bridge at Maastricht in Holland, and nearly a century later a saw
was invented which would cut off piles sixteen feet under water. In
constructing the piers for the bridge of the Tuileries, which was designed
by Mansard and begun in 1685, Frére Romaine used a dredging machine
to prepare the bed of the river, and then sank a barge filled with stones,
afterward surrounding it with piles and a jetty. He then lowered into
the barge a chest containing courses of stone cramped together.

In 1738, Labelye, in building Westminster Bridge over the Thames
at London, used a similar type of construction. His work is better known,
and he is generally credited with being the originator of the modern type
of caisson. It appears to be uncertain whether he simply dredged away
the soft mud in the bed of the river in preparing the foundations of his
piers, or whether he drove piles, cut them off, and built thereon a plat-
form of timber. The caissons were boxes with watertight bottoms and
sides, and were sunk to the foundation prepared by one of the methods
described above, with the tops always remaining above the water. The



EVOLUTION OF BRIDGE ENGINEERING 13

nasonry was built up inside the caisson until it was above the water
evel, and then the timber sides were removed. Sheet piling was driven
later to protect the foundation against scour, a pile-driver run by three
horses being used for the purpose. The piers were undermined by scour
after several years, hence it is not likely that they rested on piles.

We have followed in a brief way the evolution of the form of structure
down to the nineteenth century, when men of scientific attainments began
to study the subject. It will now.be well to revert to ancient times and
observe the various materials used by early man in his bridge construc-
tion and see the limitations imposed by them upon his efforts. Prehis-
toric man had at his command wood, stone, and fibrous plants. These
he had to use in their natural condition, for he had no tools with which
to fashion his material. For many centuries these substances continued
to be the only ones available for bridge construction, while the improve-
ments made, due to the gradual introduction of tools, were in the nature
of refinements in workmanship. It is readily seen that, with a material
like wood or stone, beam spans could not attain a very great development,
t.e., they could not be employed for long spans or for carrying heavy
loads—nor could the suspension span built of vegetable or animal fibre
surpass in any great degree the work of prehistoric man. The stone arch,
because its form produces an internal compression and by reason of the
adaptability of its material to resist that compression, admitted of greater
development than the other types. Again, the invention of the truss form
permitted timber to be used to greater advantage than it had ever been
before. With the introduction of iron into bridge construction, a larger
field was first opened up for the suspension type of span, while the new
material had little effect upon arches, beams, and cantilevers until later
when it and its derivatives became, in conjunction with rational design-
ing, one of the most important factors in the evolution of the modern
bridge. So important is the effect of this innovation that it will be given
special consideration further on in this chapter. For the present it will
suffice to note that there has been a reciprocal effect, an action and a
reaction on each other, between the form of construction and the material
composing it.

We shall next consider the evolution that has taken place in the methods
of design and the very potent influence that this factor has had in the
development of bridge building.

Throughout the centuries of bridge development thus far discussed,
the designer and builder had relied entirely on his experience and judg-
ment, there being no theory to which he could turn for aid. As a result,
progress had been slow; and the bridges of the eighteenth century were
little better than those built two thousand years before by the Romans,
except in the foundations. But during the seventeenth and eighteenth
centuries men commenced to study the phenomena of nature anew, and
the development of modern science began. The fundamental laws of
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physics and chemistry were discovered, and a basis for rational engi-
neering theory was laid. Gradually correct methods of design were evolved,
leading naturally to the marvellous expansion of the last century. Galileo
announced a law of stress variation in beams as early as 1638, but it was
grossly incorrect. Hooke stated in 1678 one of the fundamental laws of
mechanics of materials, that of the proportionality of stress and strain—
“ut tensto sic vis.” Marriotte in 1680 proved experimentally that the
fibres on one side of a beam were compressed and those on the other
side extended, and assumed the neutral axis to pass through the centre
of gravity of the section. Bernoulli in 1694 applied Marriotte’s law to
determine the deflections of beams.

A great impetus was given to scientific design in 1716, when the French
Government organized the Department of Roads and Bridges (Département
des Ponts et Chaussées), the first engineer-in-chief being Gabriel. A draw-
ing school in connection therewith was started in 1747; and in 1760 it was
enlarged to become the Ecole des Ponts et Chaussées, the noted engineer
Perronet being placed in charge. About this time the French assumed
the lead in bridge enginéering and held it for a long time; and from them
came the knowledge and inspiration of the early English engineers. Parent
in 1713 announced the equality of the compressive and tensile stresses,
which for a uniform variation of stress located the neutral axis at the
centre of gravity. Little attention was paid to his discovery, however,
and in 1773 Coulomb stated it independently. Even after this its im-
portance was not realized for many years. Navier put the design of
beams on a firm basis in 1824, and developed quite fully the theory of
their deflection. He assumed the equality of the moments of the tensile
and compressive stresses about the neutral axis, which is true for sym-
metrical sections only. Professor Eaton Hodgkinson published in Eng-
land the first correct treatment of beam designing at about the same
time as Navier. Finally Saint-Venant, a pupil of Navier’s, gave in 1857
a complete and accurate analysis of the strength of beams, both at the
elastic limit and at the ultimate strength.

While the theory of beam action was being developed, other investi-
gators were studying the resistance of columns. Euler developed his fa-
mous column formula in 1744, using Bernoulli’s work as a basis; and
Lagrange and Navier later extended his work. In 1840 Prof. Eaton
Hodgkinson published some tests on cast and wrought iron columns and
determined constants for Euler’s formula, from which fact it is frequently
known as Hodgkinson’s formula. It has been considerably used, espe-
cially in Europe, but is strictly applicable only to very large values of
the ratio of length to radius of gyration, and is not generally considered
suitable for actual columns by American engineers. The formula now
known as Gordon’s Formula was published originally by Thomas Tred- .
gold; but the empirical constants for it were determined by Lewis Gor- I
don, using the Hodgkinson experiments just mentioned. This formula ’
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was later modified by Rankine; and in the changed form, known as the
Gordon-Rankine Formula, it has been widely employed. It still finds
some favor, and it has generally been regarded by American and English
engineers as being more rational than any other that has been proposed,
though a good many disagree with this view. Some thirty years ago
Edwin Thacher and T. H. Johnson, both recognized American authori-
ties in bridge engineering, pointed out that a right-line formula could
be evolved to represent quite satisfactorily the average of a great num-
ber of authentic column tests; and while it is purely empirical in form,
it has been adopted very generally throughout the United States on ac-
count of its simplicity. Column formule lmve also been proposed by
Merriman, J. B. Johnson, Marston, and others, and while each has pos-
sessed some individual merit, none of them has been adopted to any
extent. A great many tests and researches concerning columns have
been made in the past, and some important ones are under way at the
present time; and it is to be hoped that ere long their designing and
detailing may be put on a more rational basis. :

The theory of the masonry arch has received attention since the time
of Newton, and many volumes have been written on the subject, but the
results have never been altogether satisfactory. The theory of the elastic
arch and its application to metal arch ribs has been developed since 1840.
In 1879 Weyrauch demonstrated the four fundamental equations upon
which the elastic theory is based, and these have formed the foundation
for further treatment by subsequent investigators and writers. In 1890
the Austrian Society of Engineers and Architects conducted a series of
elaborate tests on arches used in buildings and bridges; and an exhaus-
tive report thereon was published in 1895. The general conclusion
reached was that the theory of elasticity gives the only solid foundation
for theoretic investigation of all arches. For the steel arch the agree-
ment between the observations and the predictions of the elastic theory
was particularly satisfactory. This theory has come into general use
in the design of reinforced concrete arches.

As has already been stated, the truss idea and the use of the panel :
were discovered in the sixteenth century by Palladio. Little attention
was paid to his work in Europe, and it remained for American engineers
to develop rational methods of analysis in the first half of the nineteenth
century. Palmer, Burr, and Wernwag built combination arch and truss
bridges in the early years of the century, apparently with little appre-
ciation of the stresses involved; and Town, Long, Howe, and the Pratts
invented pure truss types soon afterward, but were unable to figure the
stresses in the various parts. In 1847 Squire Whipple published at Utica,
N. Y, a “Work on Bridge Building,” which gave the analysis of stresses
in trusees in a surprisingly complete manner, while Herman Haupt pub-
lished independently an inferior treatise in 1851. Whipple’s book laid
the foundation for the rational design of simple trusses; but it has re-
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mained for writers of the present day to develop the analysis of continu-
ous beams and trusses, and of indcterminate structures and similar prob-
lems. Most of the important contributions have come from American
and German writers.

The study of secondary stresses has progressed much of late years,
and every effort is being made to minimize their effects in bridges, espe-
cially in view of the increasing usc of riveted connections. One of the
most noteworthy features of the latest design for the Quebec Bridge is
the adoption of the “K’’ type of trussing, which type is remarkably
free from secondary stresses. The secondary truss-members now in use
in most American long-spar bridges cause rather large secondary stresses;
but it is practicable to eliminate them—at least in part. The calculation
of these stresses is very tedious, and the resulting figures are rather un-
certain. The best practice tends toward their reduction as far as possible
rather than toward the making of any quantitative provision for them.
A committee of the American Railway Engineering Association is studying
this question at present, and has already made one valuable report upon it.

As previously stated, American practice used to pay no attention to
sesthetics in bridge building; but conditions in this respect are rapidly
changing. The extensive employment of reinforced concrete for short-
span bridges makes their @sthetic treatment comparatively simple; be-
cause there is little excuse for building an ugly concrete bridge. Where
steel construction is adopted, attempts are being made to obtain the
best possible appearance, either by means of the arch (the ideal solution
when practicable) or by polygonal top chords, which tend to produce a
graceful effect. While the methods of design had been undergoing de-
velopment there was a somewhat parallel development of material to
meet the more and more cxacting demands of rational design. For this
reason the discussion of the evolution of materials which was previously
interrupted will now be resumed. It has been pointed out how progress
lagged until the introduction of iron into the construction, the firsi at-
tempt being the use of iron chains in suspension bridges some five cen-
turies ago, the employment of iron in the other types of spans coming
much later. Although the manufacture of cast iron began in the fifteenth
century, it was not until 1776 that the first cast-iron span was built at
Coalbrookdale, England, over the Severn River. This bridge, which is
still in use today, is an arch structure, the central span having a length
of one hundred feet. It is composed of semicircular ribs made up of
separate voussoirs. Quite a number of cast-iron bridges were built in
Europe within the following one hundred years, nearly all of them being
of the arch type. The brittleness of the metal rendered it an unsatis-
factory material for bridges, and quite a number of failures occurred,
especially under railway traffic. The first iron railroad bridge was con-
structed in 1823 on the Stockton and Darlington Railway in England.
In 1847 when the Conway and Britannia bridges were to be designed,
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Robert Stephenson had a series of experiments on the strength of cast and
wrought iron made by William Fairbairn and Eaton Hodgkinson, show-
ing the great superiority of the latter material; and it was, therefore,
decided to adopt tubular bridges of wrought iron rather than cast-iron
arches. Within the next twenty years thcreafter the use in Europe of
cast iron for the main members of bridges practically ceased; but it was
continued in America in important railroad structures a decade longer.

Iron was first rolled into structural shapes by Cord, of England, in
1783; and lattice bridges were first constructed there about 1824. In
the earlier trusses the compression members were of cast iron and the
tension members of wrought iron, but the former material gradually gave
place to the latter. Wrought-iron bridges werc usually built as arches
or as bowstring or lenticular trusses (all modeled more or less after the
stone arch), plate-girders, particularly of the tubular type, and multiple
intersection or lattice trusses; but a number of suspension bridges were
also built of this material.

In 1828 steel of the puddled variety was first utilized in bridgework
for the eye-bar chains of the 300-foot suspension span at Vienna, Austria;
but for many succeeding years its employment in bridge construction was
practically discontinued. The Bessemer process for the manufacture of
steel was invented in 1855, and the Siemens-Martin open-hearth process
soon afterward. The devclopment of the steel industry, however, was
rather slow, and wrought iron remained the almost universal bridge metal
until 1880; but between then and 1890 open-hearth steel came into
vogue, supplanting entirely the wrought iron. Bessemer steel was never
popular for bridgework on account of its lack of reliability, and especially
because of its occasional tendency to crack under shop manipulation;
nevertheless, strange to say, it was adopted for building the great Forth

Natural cement was applied to bridge construction in the early part
of the nineteenth century, and masonry work was much improved thereby.
The development of the Portland cement industry, most of which has
taken place since 1855, provided a more reliable material; and, as a re-
sult, plain concrete has come into very extensive use both for arch bridges
and for the substructures of other forms of bridge construction. The
introduction of Portland cement was responsible for the development of

, 3 new material of construction—reinforced concrete. The idea of in-
" creasing the tensile strength of mortar or concrete by embedding therein

l

rods of metal or sticks of timber was not entirely new, as the Romans
bad used the former to a limited extent in the construction of roofs of
tombs, and the Chinese had employed the latter in building the Great
Wall. About 1840 attempts were made in Paris to construct floor slabs
of plaster-of-paris reinforced with iron rods and bars; but the metal was
found to rust rapidly. The reinforcement of Portland cement mortar
or concrete by iron rods or wires was first proposed in 1850 by a French
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contractor, M. Lambot, who constructed a small boat in that manner.
In 1854 an English plasterer named Wilkinson obtained a patent for a
reinforced concrete floor construction; and in the following year M.
Frangois Coignet, a French contractor, was granted a similar patent.
In 1861 Coignet proposed to build arches, beams, and pipes in this man-
ner, and Monier, a Parisian gardener, about the same time began the
construction of concrete tubs and tanks reinforced with wire. Both
Coignet and Monier exhibited their work at the Paris Exposition in 1867;
and in that year Monier patented his well-known system of reinforcement.
For a good many years thereafter, however, reinforced concrete was but
little employed in Europe. About 1879 Hennebique, in France, began
building slabs of it, but did not patent his system of reinforcement until
1892. In 1880 Wayss bought Monier’s German rights; and he and
Bauschinger published tests on the material in 1884. In 1892 Melan
developed in Austria the system which bears his name; and about the
same time Moller in Germany and Wiinsch and von Emperger in Hun-
gary were beginning their well-known work. Methods of design which
were reasonably rational were evolved, and reinforced concrete soon came
into common use. In 1899 Considére published the results of a very
important series of tests; and later investigators have expanded still fur-
ther the knowledge of the subject. Today the material is used very
widely in Europe for bridges of all kinds.

The advent of reinforced concrete has extended the development of
beams and arches, bringing into common use the continuous girder and
the hingeless arch; while the improvement in steel manufacture and the
introduction of alloy steels have made possible the development of the
truss type to its present high degree of effectiveness.

Steel-bridge construction in Europe today does not differ essentially |
from the standard American practice, although a few years ago the two
were quite dissimilar; for pin-connected structures are almost unknown
across the water, while until lately they have been the characteristic style
of American construction. In Europe the double intersection and the
multiple intersection trusses are still quite common, but in America the
single-intersection truss has supplanted both of them. There is one feature
of European, and especially of English, practice that is essentially differ-
ent from the American, viz., that it favors the employment of much
smaller truss depths, with the result of an absence of economy in both
weight of metal and cost of structure, decidedly greater deflections under
live load, and the general use of the objectionable pony-truss for short
spans. The steel trestle, with its braced towers and alternate long and
short spans, which is so characteristic of American railway construction,
is rarely seen in Europe. One characteristic difference between the bridges
of America and those of Continental Europe is that the latter are gener-
ally much more @sthetic, American engineers having had the bad habit
of paying far more attention to economy than to appearance.
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The evolution of European practice during modern times has been
rofoundly influenced by older forms, the masonry arch in particular.
[hat type of structure itself has continued to be a favorite; and it has
seen used extensively for both short and long spans, the longest one
seing that of Plauen, in Saxony, with a span of 295 feet. A few depar-
;ures from the older arch types are to be noted. The open-spandrel type
1288 been employed to some extent for longer spans, with a consequent
‘eduction in the load to be carried; and hinges have been used in sev-
'ral instances. These have been constructed of steel or granite, or have
'onsisted merely of sheets of lead about eight-tenths (0.8) of an inch
‘hick extending across the middle third of the rib.

Passing now entirely to the development of bridge engineering in
America, it is to be observed that it has taken place along lines quite
lifferent from those followed in Europe. There have been no older types
f structures to copy, and, as before stated, there has been very little
ittention paid to the wmsthetic side. Evolution has proceeded mainly
ilong the line of truss development with many varieties proposed and
jubjected to the test of actual use and an elimination of the impractical,
meconomic, and indeterminate forms. The increasing volume of
-ailway traffic has been one of the main factors in causing the develop-
nent. The crossing of America’s numerous wide rivers has presented
nany problems quite different from those encountered in European prac-
.ice; and, in addition, American engineers have almost always had to
nake every dollar go as far as possible. Much temporary construction
128 been necessary, owing to the lack of -both time and money for per-
nanent work.

Prior to 1840, most of the evolution of bridge construction in the
United States was along the lines of the wooden truss and the wooden
irch. The earliest important bridge built in this country was the “Great
Bridge’’ at Boston, Mass. It was constructed in 1662 of timber super-
structure supported by pile bents placed from fifteen to twenty feet apart.
A few other bridges of the same type were built in New England prior
0 1790. In the last decade of the eighteenth century, the building of
ong-span timber bridges began, Timothy Palmer being the most promi-
1ent constructor thereof. They were primarily arch spans, although
here was also some truss action. In 1804 Theodore Burr constructed
the bridge over the Hudson at Waterford, N. Y., with four spans varying
n clear length from 154 to 180 feet. As it was effectively housed in, its
timbers did not decay; and it lasted until 1909, when it was burned.
During the latter portion of its life it carried heavy interurban cars. The
moet important member of the Burr truss was an arch rib; but there
was also a very satisfactory all-wooden truss with a counter in every
penel, somewhat like that exploited later by Howe and named after him.
Several similar wooden bridges were built by Burr within the next few
years; and in 1808 he constructed .a wooden suspension bridge of four
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continuous spans across the Mohawk at Schenectady, N. Y., the longest
span being 190 feet.

In 1812 Lewis Wernwag erected the “Colossus Bridge” over the
Schuylkill River in Philadelphia, with a clear span of 340 feet. It was
primarily a very flat arch with some truss action, and was the longest
all-wooden bridge ever constructed in the United States.

In 1810 Thomas Pope proposed to cross the Hudson at New York
with a 3,000-foot span and the East River with a 1,800-foot span, using
his “Flying Pendant Lever Bridge,” a fifty-foot model of which he con-
structed to illustrate his scheme. The proposed structure consisted of
two immense cantilevers of timber extending out from massive abutments;
but his idea was too far advanced for his time.

In 1820 Ithicl Town patented the Town lattice truss, shown in Fig.
1f, the first bridge truss essentially American. It was an all-wooden
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Fig. 1f. Town Lattice-Truss Bridge.

construction with a multiple intersection webbing that consisted of s
multitude of light members; and it has been the prototype of many
truss forms in both timber and metal. It soon became very popular,
and many bridges were constructed from Town’s plans, the greatest
span length attained being 220 feet. The trusses were of uniform section
throughout, and were proportioned by individual judgment rather than
by analysis.

The Long truss was patented in 1830 and 1839; and its inventor,
Colonel Long, published in 1836 a pamphlet describing it. He recognised
clearly the true function of the panel counterbrace.

In 1840 William Howe patented the Howe truss, in which timber was
used for the chords and the web diagonals and iron for the verticals
It grew in favor rapidly; and today it is recognized as the ideal trus
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form for wooden bridges. Its weak point is the bottom chord, which
puts timber in tension and requires very elaborate splices.

In 1844 Thomas W. Pratt and Caleb Pratt patented the Pratt truss.
It never attained much popularity for timber-bridge construction at that
time; but during the eighties it was much used in “combination” bridges
having all the compression members of wood and all the tension members
of wrought iron or steel, notwithstanding its decided inferiority in respect
to rigidity when built thus as compared with the Howe truss bridge.
Its apparent advantage over the older competitor was a slight saving
in first cost, and (when neither type was housed) a little longer life, the
perishability of timber being more pronounced in tension than in com-
pression members.

The first American suspension bridge of modern type, with horlzontal
floor suspended from the cables, was constructed about 1796 by James
Finley. His cables were composed of wrought-iron loops or links, and
his timbers were so framed as to give a rigid, continuous floor, which,
in connection with the hand railings, constituted fair stiffening trusses.
His longest span, 308 feet, was in the bridge over the Schuylkill River
at Philadelphia, erected in 1809. This was replaced in 1816 by a 408-
foot span carried by cables made of three-eighths-inch wires. It was
built by White and Hazard, who owned a wire mill near by, and was the
first wire suspension bridge ever constructed. A number of similar sus-
pension bridges were built during the succeeding twenty years. In 1838
when Wernwag’s “Colossus Bridge’’ at Philadelphia was burned, Charles
Ellet replaced it by a wire suspension structure of 358 feet span; and in
1846 he built a 1,010-foot span suspension bridge at Wheeling, W. Va.
All of his bridges were unstayed. About this time the famous American
engineer, John A. Roebling, began to build suspension bridges. He used
guys to brace his structures laterally, and also stays running diagonally
from the tops of the towers to points in the floor, a practice that had
been previously tried out and abandoned by the English. He also intro-
duced the system of using wire cables in cylindrical form, wrapped with
small wire, instead of separate wires side by side; and he inaugurated
the practice of cradling the cables so as to increase the lateral stability
of the structure.

The introduction of railroads in the United States came in 1829, and
with it began the real development of bridge engineering. Wernwag
built the first railway bridge for the Baltimore and Ohio Railroad at
Monoquay in 1830. It was wooden and of the trussed-arch type. Many
similar bridges were soon afterward constructed by Burr and others,
and the Long and the Town lattice trusses were extensively employed;
but soon after the introduction of the Howe truss in 1840 the latter be-
came the standard for railway-bridge construction. The Pratt truss was
used only to a limited extent by the railroads during the days of timber
bridges. The first of the timber trestles which have played such an im-
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portant part in American railway practice was built about 1840 on the
line of the Philadelphia and Reading Railroad.

~ “Thus far the construction of bridges had been carried out by men who
, were carpenters, and it was looked upon simply as a trade; but with the
¢ requirements imposed by the rapidly increasing railroad traffic, a higher
class of bridgework was demanded. Furthermore, timber was being
found inadequate for the work required of it, and a better material was
being sought. As early as 1787, Thomas Paine had tried to introduce
the cast-iron arch into American bridgework, but had failed. Wrought
iron had been used in Finley’s suspension bridges and in Howe’s trusses;
" but the first patent for an all-iron bridge was taken out in 1833 by August
Canfield; and in 1840 Earl Trumbull built the first structure of that
kind over the Erie Canal at Frankfort, N. Y. It was a highway girder
bridge of 77 feet span constructed mainly of cast iron with wrought-iron
rods in a parabolic curve extending from end to end and supporting the
cast-iron girders at various points, making the action very similar to
that of a suspension bridge or of an inverted bowstring.

In the same year Squire Whipple built his first iron bridge, a bow-
string girder with wrought-iron tension members and cast-iron compres-
sion members. He patented this type in 1841; but in 1846 he changed
to the trapezoidal form.

The first iron railroad bridge in this country was designed by Richard
Osborne, of the Philadelphia and Reading Railroad, and was erected near
Manayunk, Pa., in 1845. It was a Howe truss structure of only thirty-
four feet span, and had cast-iron compression members and wrought-
iron tension members.

In 1846 and 1847 James Millholland built a tubular plate-girder bridge
of wrought iron for the Baltimore and Ohio Railroad; and in 1846 Na-
thaniel Rider, of New York, patented a multiple intersection truss of com-
bined cast and wrought iron. Several bridges of the latter type were
built, but when one failed, about 1850, it was decided by most engineers
to return to wooden bridges for railroad purposes.

Thus far the design of bridges was purely a matter of judgment and
experience, for no method of analysis was known. As stated before, in
1847 Squire Whipple published at Utica, N. Y., a “Work on Bridge
Building,” and this marks the beginning of rational bridge design. Un-
fortunately, it was several yecars before his book became at all generally
circulated.

The firm of Plymton & Murphy during the fifties made a model
of a truss in which any member could be replaced by a spring balance
in order to measure stresses. Before Whipple’s book was widely known,
the tendency of web members to fail near the ends of the span had been
noticed, and in a few designs they had been made heavier than those
near mid-span.

The decade from 1850 to 1860 marks a very important advance in
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American bridge engineering, for the designing then came into the hands
of educated engineers; and rational design really began. Benjamin H.
Latrobe, the chief engineer of the Baltimore and Ohio Railroad, decided
to use iron bridges in constructing the extension of his line from Cumber-
land to Wheeling. Wendell Bollman and Albert Fink, the inventors of
the Bollman and the Fink trusses, were then working under him; and
the first bridges of these types were constructed on that road in 1855,
cast iron being used for the compression members and wrought iron for
the tension members. In that year Fink designed some iron railroad
trestles for the same line, using his patented truss for the spans.

In the same year the first of the double-intersection Whipple-truss
bridges was built. It also was of both cast and wrought iron. During
the same decade the Pennsylvania Railroad began the construction of
bridges composed of Pratt trusses stiffened with arches, all compression
members being of cast iron and all tension members of wrought iron.

The first pin-connected bridge was designed by J. W. Murphy for
the Lehigh Valley Railroad in 1859. In the same year Howard Carroll
built the first all-wrought-iron bridge for the New York Central Railroad.
It was well constructed and of the lattice type. He employed iron track-
stringers and floor-beams, and prepared a printed specification for rail-
road bridgework. J. H. Linville, of the Pennsylvania Railroad, first in-
troduced wide, forged eye-bars in 1861; and in 1863 J. W. Murphy de-
signed for the Lehigh Valley Railroad the first pin-connected truss bridge
with all the main members of wrought iron, cast iron being used only

for joint blocks. This bridge was of the double-intersection Whipple
type; and, on account of the improvements introduced by Murphy, it

. bas frequently been known as the Murphy-Whipple truss. In 1865 the

—
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first of the Post-truss bridges was constructed for the Erie Railroad, and
that type was employed more or less thereafter for some fifteen years.
They were generally built with cast-iron top chords and end-posts.

As before mentioned, a plate-girder bridge had been built for the
Baltimore and Ohio as early as 1846. Another was constructed by the
Pennsylvania Railroad in 1853, and one was designed in 1860 for the
Boston and Albany by E. S. Philbrick. The only large tubular bridge
ever built in North America was the Victoria Bridge over the St. Law-
rence River at Montreal. It was erected between 1854 and 1860 from
the design of the noted English engineer, Robert Stephenson, but was so
expensive that the type was never approved by American engineers. It
lasted a number of years in spite of the fact that the rivet heads came off
so often that it was necessary to keep a gang of riveters constantly upon
it in order to renew defective rivets. Finally, the structure was removed
and replaced by a more modern American type of bridge.

Suspension bridges also were used by American railroads during this
period. In 1855 John A. Roebling completed a suspension bridge of 821
feet span over the Niagara River just below the Falls for the Grand
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Trunk Railway. In it deep, open-webbed, wooden stiffening—trusses were
adopted. It was double-decked, carrying a fifteen-foot clear wagon-way

below. A suspension bridge of three spans had been built a few years °

before at Frankfort, Ky. Owing to the lack of rigidity in the suspension
bridge, that type of structure has not found favor among American rail-
road engineers.

The construction of long-span railway truss bridges in America dates
from the early sixties, when the railroads began to cross the Ohio River.

Linville built the first at Steubenville, Ohio, in 1863 and 1864. It was |

of the double-intersection, Murphy-Whipple type with cast iron for the
compression members, and had a channel span of 320 feet. The earlier
long-span bridges were usually of that type, though the Fink truss was
employed to some extent. Both of those types permitted of economic
construction with large truss-depths and short panel-lengths, which ex-
plains their popularity for long-span structures. The Fink truss was de-
cidedly inferior to the Murphy-Whipple in respect to the important at-
tribute of rigidity. The longest Fink truss had a span of 306 feet and the
longest Murphy-Whipple one of 518 feet.

In 1864 David Reeves, of the Pheenix Bridge Company, introduced
the Pheenix column of wrought iron with cast-iron bearing blocks, and
developed the use of the hydraulic upset end for eye-bars. The said
column was a great factor in causing the substitution of wrought iron
for cast iron in compression members of pin-connected bridges. It served
a good purpose for several years, but has been finally relegated into
oblivion by better and more scientifically built columns. Cast iron con-
tinued to be used more or less in bridge construction until the Ashtabula
Bridge disaster in 1876, after which its employment in railroad structures
was practically abandoned, excepting only in the before-mentioned bearing-
blocks of Phaenix column bridges.

Wooden stringers were generally used in railroad bridges until about
1873, when iron ones began to supplant them. The latter, however, had
been adopted by the New York Central in the early sixties. The facili-
ties for field riveting increased greatly about this time, and this
cxplains largely the more extended adoption of the metal floor-system.

During the seventies the Pratt, the Whipple, and the Warren or
Triangular trusses became the favorite types, although several large Post-
truss bridges were then built. For a short span the single intersection
type was found preferable, and for long ones the double or triple inter
section. During this period C. H. Parker introduced the plan of making
the top chords of through trusses polygonal, thus effecting quite an economy
in weight of metal for long spans; and this modification of the Pratt truss
is often termed the ‘“Parker Truss.” The Baltimore truss was originated
by the Pennsylvania Railroad Company in 1871 by subdividing the
panels of the Pratt truss; and it was subsequently modified by making
the top chords of the through bridges polygonal, in which form it is some-

PSR}
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times known as the “Pennsylvania” truss. Both of these forms, though,
are more frequently termed the “Petit’’ truss. The Fink truss has not
been built for many years, and since the advent of the subdivided panel
the Murphy-Whipple truss has gradually passed out of use, George S.
Morison being the last of the prominent American engineers to adhere
to it; and even he was compelled to abandon it for the more modern
Petit type when he engineered the Merchants’ Bridge over the Mississippi
River at St. Louis. Today nearly all trusses of ordinary span length are
being designed of the Pratt or Petit type, but occasionally the Trian-
gular with secondary verticals is employed. The longest simple truss
spans yet constructed are those of the Free Bridge (Fig. 1g) over the
Mississippi River at St. Louis, where there are three Petit truss spans
of 668 feet each; but there are still longer ones under construction and
in contemplation, one of 723 feet for the proposed bridge over the Ohio
River at Metropolis (Fig. 1k), and two of 775 feet each for the proposed
crossing of the same river by the Chesapeake and Ohio Railway at Scioto-

 ville (Fig. 17). In the latter bridge the two trusses will be continuous.

Continuous spans have been employed in only one structure of importance
built in America thus far, viz., the Lachine Bridge over the St. Lawrence
River near Montreal. It was constructed in 1885-7 from the design of the
late C. Shaler Smith, the most prominent and progressive bridge engineer
of his time. Owing to the great increase in live loading, it has lately been
taken down and replaced by a double-track structure of simple spans.
The construction of real cantilever bridges in America began in 1876,

" when C. Shaler Smith built the Kentucky River Bridge at Dixville, Ky.

He had originally intended to leave the chords continuous, and had as-
sumed fixed points of contraflexure at what were later made the ends of
the suspended span; but Mr. Bouscaren, Chief Engineer of the Cincin-
nati Southern Railway and himself a high authority on bridgework, re-
fused to permit this, and Mr. Smith then arranged to cut the chords at
these points after the erection was completed. The Eads Bridge over
the Mississippi River at St. Louis was erected in 1873 by the cantilever
method, the spans being arches without hinges. This plan of erection
had been suggested as early as 1846 by Robert Stephenson, and several

" American engineers had proposed similar designing previous to 1876.

The Solid Lever Bridge Company of Boston erected several combined
arch and cantilever bridges of short span in New England and New Bruns-
wick about 1868, some of which were used for railway traffic. The first
one had solid cantilever arms of timber, but the later ones were open-
webbed and of wrought iron. Since the building of the Kentucky River
Bridge, the construction of cantilever structures has gradually extended.
The longest existing spans of that type are still European, being the two
of 1,710 feet each in the Forth Bridge, Scotland; but this limit is soon to
be exceeded by the 1,800-foot span of the Quebec Bridge, which is now
under construction.
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The metal arch has not been used as extensively in the United States
asin Europe. The low banks and alluvial soils of so much of North Amer-
ica do not favor the arch type, which, generally speaking, is suitable only
for comparatively high crossings and rock or other very solid foundations.
Thomas Paine’s attempt to introduce cast iron into American bridge
practice has already been mentioned. In 1787 he advocated an arch
bridge of that metal of 400 feet span at Philadelphia, but the project was
not carried out. The first really important metal arch bridge in this coun-
try was the before-mentioned Eads Bridge at St. Louis, erected in 1873.
It has cast, chrome-steel, hingeless ribs, the first application of this metal
to bridgework in America; and, although it must be considerably over-
loaded, it ranks today as one of the finest bridges in the country. Since
then a number of arch bridges have been built here—generally of the two-
hinged or the three-hinged types. The largest arch span in the world
is the one now under construction over Hell Gate at New York City,
the span-length being 977 feet. It is of the two-hinged, braced-rib
type. The spandrel-braced arch with two or three hinges has frequently
been used, the most important existing bridge of the kind being that
across the Niagara River near the Falls, designed and engineered by the
late L. L. Buck.

In later years suspension bridges have been an important type for long-
span structures, although not used for steam-railroad purposes. Three
of the great bridges over the East River, viz., the Brooklyn, the Williams-
burg, and the Manhattan, are of that type. Designs for suspension
bridges over the North River at New York City have been made several
times, notably in recent years by Lindenthal for an opening of 3,100 feet,
and by Hodge with one of 2,880 feet. The theory of the stiffening-truss
has been greatly improved in recent years, and the flexibility so noticeable
in the earlier designs has largely disappeared in consequence.

The first wooden railway trestle was constructed on the Philadelphia
and Reading Railway in 1840, as has been previously noted; and the
boldest example of that type among early structures was the Portage
Viaduct, designed by Silas Seymour in 1851. It was 800 feet long and
234 feet high. The first iron railway trestle was built in 1853 on the
Baltimore and Ohio Railway, to which reference has already been made;
and the first one of modern type was the Bullock Pen Viaduct, designed by
Smith, Latrobe & Co. in 1867 for the Cincinnati and Louisville Short-line.
To C. Shaler Smith in 1870 are probably due the conception and introduc-
tion of the braced tower, now so characteristic of American design; although
T. C. Clarke claimed to have employed it in 1869 in his design for the
approach to the proposed Blackwell’s Island Bridge.

The gradual replacement of wood and cast iron by wrought iron has
already been discussed. The first important use of steel for bridgework
in the United States was in 1869 for the St. Louis Bridge, which was men-
tioned earlier. Its employment for eye-bars developed next, then flat plates
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suitable for floor-beam webs became procurable. The first American bridge
of any consequence in which steel was used exclusively was the Glasgow
Bridge over the Missouri River on the line of the Chicago and Alton
Railway, built in 1879. The production of steel increased steadily, and
in 1890 all the usual structural shapes could be procured at the same
prices as for wrought iron; and by 1895 its adoption for bridges was
practically universal, and the production of wrought iron in large quan-
tities was a thing of the past.

Within the last decade investigations have been made concerning the
employment of alloy steels for bridge superstructures, the result being
that it has been found that nickel steel is a perfectly satisfactory material
for bridge building and that its employment is in the line of economy,
especially for long spans. It has been used in several large structures,
notably the Blackwell’s Island and Manhattan Bridges of New York
City, the Free Bridge of St. Louis, the Fratt Bridge of Kansas City, and
the new Quecbec Bridge. Stecl high in silicon is to be employed (for the
compression members only) in the proposed Metropolis Bridge, before
mentioned; and Mayarf steel, a low-grade natural alloy with nickel and
chromium, has been adopted for the new Memphis Bridge. In the Hell
Gate Arch Bridge high carbon steel was chosen because of the great
prices asked by the bridge manufacturers for alloy steels. The future
development in long-span bridge construction most assuredly will be
determined largely along the lines of alloy steel manufacture.

Stone arch bridges have played a very small part in bridge evolution
in America; but stone and brick were for many years the principal ma-
terials for substructure. The production of natural cement in this coun-
try began in 1818, and that material was much employed for concrete
until the eightics, when Portland cement came into vogue and soon re-
placed it entirely. Concrete has almost totally ousted stone masonry
from bridge construction.

Reinforced concrete was introduced into America about 1874 by Ran-
some; and in the following year W. E. Ward built a house of this ma-
terial. In 1877 Hyatt published the results of tests which had been per-
formed for him by David Kirkaldy; and shortly thereafter considerable
construction work was done on the Pacific coast by Jackson, Percy, and
Ransome. The latter patented the first deformed bar in 1884. The first
application of reinforced concrete to bridge construction was in the early
nineties. Within the next few years a large number of such structures
were built, largely of the Meclan arch type, von Emperger and Thacher
being pioncers in this work. The past decade has witnessed its applica-
tion to many other forms of bridge construction. For city bridges of
short span its use is becoming almost universal, and it is being adopted
extensively for short-span railway bridges and trestles. It also finds a
very wide application in the construction of retaining walls and abut-
ments, and of the floors of steel bridges.
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American methods of bridge designing during the last six decades have
certainly passed through a remarkable evolution; for, as previously noted,
before 1847 all designing was purely empirical and in the hands of car-
penters; during the fifties the knowledge of the methods of stress cal-
culation spread, iron largely replaced wood as the material of bridge
construction, and bridge designing came almost entirely into the hands
of the railroad engineers, much of the manufacture being done by their
forces in their own shops; but in the next decade some of the leading
bridge engineers of the railroad companies started private shops and
eventually secured most of the work, and soon the designing also camec
into the hands of the new bridge companies, most of them being especially
interested in some particular type of construction on which they frequently
held patents.

The age of keen competition then began; and while progress certainly
was great, the tendency to skimp was still greater. As most of the rail-
road companies supplied simply a profile of the crossing, the loading,
and possibly the span lengths, and asked for lump-sum bids, and then
did not check the adopted plans or inspect the construction, there were
every opportunity and temptation for the manufacturing companies to
do poor work and “skin” their structures. But during the seventies slowly
there came a change. Specifications for bridge work then began to ap-
pear—first by Clarke, Reeves & Co., in 1871, then by George S. Morison
for the Erie Railroad in 1873 (probably the first printed bridge specifica-
tions ever adopted by any American railroad), then in 1875 by L. F. G.
Bouscaren for the Cincinnati Southern Railway, the first road to specify
wheel-load concentrations. Morison required successful bidders to sub-
mit stress sheets and plans for approval before starting work, and later
began the inspection of materials and workmanship; and Bouscaren soon
adopted the same policy. Inspection, though, was first inaugurated on
the Eads Bridge in 1869. In 1877 Charles Hilton prepared bridge spec-
ifications for the Lake Shore and Michigan Southern Railway, and in
the same year C. Shaler Smith issued some for the Chicago, Milwaukee,
and St. Paul Railway; and in 1878 Theodore Cooper got out a set for the
Erie Railroad. This was the first of Cooper’s bridge specifications, which,
as revised from time to time, have been very widely used. Other rail-
road companies soon began to develop bridge engineering forces, and by
1876 some of the most competent of the bridge engineers were entering
private practice as consulting engineers. The lack of rigidity and lateral
stability of most of the structures built previously was rapidly becoming
apparent, especially to the engineers who were acting in the interests of
the railroad companies and other clients; and the need for the making
of complete designs by competent engincers, rather than by the cheap
draftsmen of competing bridge companics, began to be realized. It be-
came evident that while the old competitive system of lump-sum bids
by the various bridge companies on their own plans had played its part
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in developing economic design in America, for best practice it had beco
a thing of the past. As C. C. Schneider has stated, “ The manufact
should confine himself to his legitimate field of manufacturing steel at of
much a pound.” The best practice today consists in having the compl
detailed designs and the specifications prepared by a bridge specialist,¥
either regularly employed by the purchaser or retained by him for the
special work, and then to ask for unit-price bids thereon from first-ciass
contractors only. That practice prevails today almost universally in
railroad work, and is rapidly coming into vogue for the better class of
city structures; but the older practice of competitive, lump-sum bids still
holds in small cities and towns and in the country districts. The estab-
lishment of State Highway Commissions in several of the States, such
as Jowa and Illinois, with competent engineers in charge, is doing much
to correct the evils of highway-bridge letting.

Perhaps the most important features of the development in bridge

/ designing of late years have been the great advance in the science of
a' detailing and proportioning, and a growing recognition of the fact that
a bridge should be very effectively braced, and should be thoroughly
4 rigid in all of its parts. Until the early eighties very little attention was
. given to the detailing, the stresses and sections for main members being

o~

* calculated carefully by the engineer, but the still more important task of

designing the connections for the said main members being turned over to

. cheap draftsmen. The detailing that used to go into bridges thirty ar

forty years ago would make the hair of a modern bridge engineer rise
with horror! How such crudities could have been permitted is almost
beyond comprehension today; for the veriest tyro can now see that the
details of those old structures were incapable of carrying more than a

small percentage of the stresses for which the main members they con- '

nected were proportioned. Furthermore, the said earlier structures were
very pool " braced, so that they racked to pieces rapidly. As the de-
signing an. detailing began to come into the hands of experienced engi-
neers, a mo 2ment to improve details and bracing began, but it progressed
with painful slowness at first, for during the eighties bridge detailing was

about as crude and unscientific as can be imagined. Toward the end of
the eightics pin-connections for short spans commenced to be dropped
out of the best practice, the flimsiness of the web members in many of
the multiple-intersection structures began to make itself evident, and
the desirability of single-intersection systems from this standpoint was
realized. The great value of plate-girders for short spans was recognised,
and their employment increased rapidly. From that time onward the
evolution has been steady, the leaders therein being the indepe
bridge specialists and the bridge engineers of the various railroad sy
The American Railway Engineering Association, organized in 1899 as
American Railway Engineering and Maintenance of Way Association,
the wide-spread use of its specifications and by its many and carefy

|
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prepared committee reports, has raised materially the standard of railway-

bridge designing; and the American Society for Testing Materials has

been the means of effecting a number of improvements in the quality of

the various materials employed in bridge building. But by far the most

effective cause of the substantial and fundamental advance in the science
| of bridge engineering has been the publication by the American Society
of Civil Engineers of several papers on important bridge subjects written
by leading specialists and discussed widely by members of the society
connccted in various ways with bridge designing, building, and operation.
Some of these papers put a stop to many glaring faults of design and con-
struction, and others offered suggestions for future development which the
profession has followed. As a result of this evolution during the past
twenty-five or thirty years, a first-class American bridge of today is a
very rigid structure, effectively braced against all possible lateral forces,
and carefully proportioned in all of its parts. ‘

The question of riveted versus pin-connected trusses has always
been a mooted one among American engineers. While European prac-
tice has always favored the riveted type, early American practice en-
dorsed the use of pins, the New York Central Railroad being a conspicu-
ous exception, as it has employed riveted construction altogether. The
introduction of the pneumatic riveter served to remove many of the
objections to field-riveted connections; and of late years the riveted
type, as improved and more scientifically designed by American engineers,
has found much favor in this country on account of its superior rigidity,
»specially because much of the former economy of pin-connections has
lisappeared as the necessity for making many of the tension members
#tiff has been realized. Whereas thirty years ago many American engi-
neers would have used pin-connected spans of 100 feet, today most of
them advocat4 riveted ones for openings up to 250 or 300 feet—or even
more. Threg simple-truss, riveted spans, each of 425 feet, of the heaviest
kind of copstruction, were used in 1909-1912 in building the author’s
Fratt Bridge over the Missouri River at Kansas City. (See Figs. 31d and
¢le.) The Sciotoville Bridge (Fig. 17) with its 775-foot spans and the
Hell Gate arch (Fig. 26g) with its 977-foot span will have riveted con-
1cctions throughout, and they will be used extensively in the Quebec
aintilever bridge. The extremely heavy riveted connections required for
tiese structures have led to many advances in shop practice, such as the
raming or drilling of field connections with the parts temporarily assem-
bied, the use of very large and long rivets (such as those of 114 inches
ameter and 10-inch grip in the Hell Gate arch), and the adoption of
pered rivets where very long grips are necessary.

The evolution in erection methods has also been marked. The intro-
iction of the cantilever and the cantilever method of erection for arches
1 simple spans many years ago made feasible the construction of bridges
slaces where the employment of falsework either interfered with navi-
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Kan=az City Southern Railway Bridge over the iKaw River at Kansas Cityv, Mo.
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gation or was extremely hazardous or entirely impracticable; and th
later method of erecting a span complete on barges and then floating j
into position solved the same problem in another way. The refusal ¢
many railway companies to permit their traffic to be interfered with
led to the introduction of many new erection methods.. A most
worthy feature has been the replacement of the traveller by the den
car for the erection of structures of ordinary size, resulting in the ches
and accelerating of the field work. "
e part played in the evolution of bridge designing by changes ‘
methods of transportation and by the increase in commerce should 1
pass unnoticed. Necessity has been the mother of invention in this
in other things. Primitive man needed but a slight structure to susta
himself or his horse, and his commerce amounted to almost nothing.
wheeled vehicles appeared, wider and stronger structures were require
but the loads still were comparatively light, and the commerce bein
chiefly water-borne, bridges were more a convenience than a necessit
In 1784, when the mail-coach service of England was improved and e
tended, the immediate result was the passage of some three hundre
acts for the construction of roads and bridges within the next decs
But it was not until the railroads began to push out in all directions s
to carry a heavy traffic that the real development began. Bridges the
became truly a necessity, and their design progressed rapidly. Furthe
more, the engines and trains increased constantly in weight, so that
bridge became seriously overloaded in the short space of ten or fifte
years. This progress in the growth of railway rolling stock and the loa
carried therein caused a steady increase in the capacities of rai
bridges. In the early days of railroading the Baltimore and Ohio wg
using the four-wheeled, grasshopper type of engine weighing oruy 22,
lbs., and its loaded cars weighed not to exceed one ton per lineal foo
track, while today there are in service Mallet locomotives weighing 61
000 lbs. without the tender, or 840,000 lbs. including it; and there aré
on record car-loads of 7,300 lbs. per lineal foot. The engine axle loadingg
have increased from 11,000 lbs. in 1835 to 65,000 lbs. or more today, and
the end is not yet. Of late years the increase of street-railway and inte
urban car traffic has required that important city bridges have the same
elements of strength as railway bridges; and quite lately the rapid in-
crease in the size and use of motor trucks and the improvements in the
roads of the country districts have made it imperative that bridges in
those locations be designed for heavy loads.

For the purpose of showing the difference between early and modern
railroad bridges the author has conc'uded to insert Figs. 15 and 1k. The
former shows a Post-truss, single-track, railway bridge at Lockport, Ill,
over the Illinois and Michigan Canal, built in the sixties and in opera-
tion a few years ago (and possibly today) on the line of the Chicago and |
Alton Railroad. The posts are of cast iron and hollow. The latter inl
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istinction represents a single-track span of the author’s built about

s the bridge across the Kaw River at Kansas City, Mo., on the
the Kansas City Southern Railway.

) evolution of movable bridges is discussed incidentally in Chapter

[, which treats of “Movable Bridges in General,” and in the three
Bng chapters, which deal at length with the three most promment

of moving spans.

m the foregoing it is seen that the principal factors governing the

ion of bridge building have been— :
silable materials, . 4
vent of new materials,
rexisting forms, -
lent of knowledge of the laws of mechanics and of the properties of

als,

wp practice and facilities,

wmsportation needs, and /
setion methods.

8 requirements of transportation will undoubtedly make further calls

he structural engineer and the bridge constructor; because heavier
greater density of traffic, and the demand for better connections

a more widely separated termini will continue to crowd hard upon

g limitations and cause an increased effort to remove such restric-_
The desired result may be reached by the use of some new alloy

l, by an increase in our theoretical knowledge, by an improvement

) practice and equipment, or by a further development of erection

ls; and possibly all these factors may enter into the further evo-

# bridge building. The limits in that art have certainly not yet Kf
mébhed—far from it!—for the era of long-span bridges has only .
pan; and he would, indeed, be a bold prognosticator who would (|
set a bound to the possibilities of attainment of the next generation )
¥ American bridge engineering specialists.



CHAPTER 1II

THE BRIDGE SPECIALIST

SpPECIALIZATION in all lines of activity is the order of the day, and the
movement has extended to the professions as well as to manufacturing
and general business. A century or two ago it was possible for a learned
man to accumulate a large share of all that was valuable of scientific
knowledge, then later such a man had to content himself with knowing
everything worth while in a single line of learning, but today he must
devote his attention and energies to a small subdivision of one of these
lines.

In law, besides the two general classes of trial lawyers and consulting
lawyers, there are specialists in corporation work, in criminal cases, in
patents, in shipping, in pleading, in railroading, in insurance, in real estate,
in conveyancing, and in personal injuries.

In medicine there are specialists not only for many single diseases
but also for the exclusive treatment of certain different parts of the body,
surgeons who do not prescribe medicine, physicians who never perform
a surgical operation, doctors who diagnose only, and mental specialists,
besides others who are often considered outside the pale of the true medical
profession, such as osteopaths and mental science healers.

In engincering there are also specialists, and their name is fast becoming |
legion. Years ago there were but two divisions in the profession, viz.,
civil and military; then the former became divided into civil, mechanical,
clectrical, architectural, chemical, metallurgical, mining, and marine
engineering; but today each of these divisions is further divided. For
instance, the modern term “civil engineering” covers bridge engineering,
hydraulic engineering, municipal engineering, sanitary engineering, rail-
road engineering, highway engineering, and landscape engineering. Even
some of these specialties are becoming subdivided, for there are hydraulic
engineers who devote themselves exclusively to water-works, others who
confine their attention to river improvement, and others who specialize
in harbors. Again, among railroad engineers there arc some who do noth-
ing but surveying, others who attend solely to construction, and still
others who are entirely in the line of operation or maintenance.

Bridge engineering has been recognized as a specialty for more than a
_ quarter of a century. It was probably the first branch of civil engineering
to segregate from the general professional practice; and, in consequence,
it has become more highly developed as a specialty than any other line of

36
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engineering work. Notwithstanding this, the general public is far from
being convinced that bridge engineering is a specialty, and that bridges
should be designed and their construction supervised by trained specialists
only. Many high railway and city officials and promoters of important
projects appear to think that any kind of an engineer can design and
supervise the building of their bridges, or that the designing can be done
by the manufacturer of the superstructure metal and the field super-
vision by any low-salaried engineer or surveyor. To this idea are due
the facts that there are so many bridge failures throughout the country,
that the life of an iron or steel bridge is so short, and that one of the greatest
of all railroad expenses is the renewal of metal bridges. Railroad officials
and the public geuerally, on account of these frequent renewals, have.
reached the conclusion that a steel bridge has to be replaced regularly
every few years, and hence there is no need to go to extra expense in its .
design or construction in order to obtain problematical improvements. .
Such an idea is entirely erroneous, because the failure and wearing out of
the superstructure of metal bridges are due primarily and almost exclusively
to faulty designing, especially in the details. A modern steel bridge care-
fully designed by a first-class bridge engineer, constructed under proper
supervision and thoroughly painted from time to time, will last for an
indefinitely long period, even if it be materially overloaded.

One of the most serious difficulties that a bridge specialist has to en-
counter is the necessity for convincing possible clients that his services
have a real money value and are not in the nature of a luxury. Eloquence .
may enable him to do so; but, if not, time surely will; because the user
of a badly designed bridge, if he live the ordinary span of life of a business
man, will inevitably learn that he has made a serious mistake in entrusting
to incompetent or interested parties the designing and the supervision ’
of the manufacture and erection of his bridges. A good proof of the
value of a bridge specialist’s services is the fact that whenever a railroad
official has once employed a competent consulting bridge engineer, he -
will rarely ever build any more important bridges without retaining an
expert to do the designing and to attend to the supervision.

In the entire history of engineering construction no greater mistake
can be found than the entrusting of bridge designing to the superstructure
manufacturers; for naturally, with a few notable exceptions, their main
object is to make all the money they can out of the contract, irrespective
of the interests of the purchaser. Their aim is to push the metal work
through the shops as quickly and cheaply as practicable in order to turn
out in any given time the greatest possible tonnage of metal. To do this
the detailing is simplified in every way, and the number of rivets is
reduced to an absolute minimum, not only for shop work but also for field
work, as the manufacturer, especially on large bridges, generally contracts
for the erection. Each rivet omitted means so many cents saved, but .
usually the less the number of rivets in any connection the weaker the
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_ detail, hence what is gained by the manufacturer and erector is lost by the
owner. It needs only & very small reduction in the required number of
rivets for a connection so to reduce its strength as to permit of its wearing
out quickly; -consequently a few cents saved in a detail may not only
shorten materially the life of ‘a structure but also cause a frightful disaster
with great loss of life. Again, the manufacturers’ engineers generally
design bridges solely for the known stresses as shown on the stress sheet,
and usually neglect to consider the effect of secondary stresses and that
of vibration or impact, while the expert bridge specialist always gives
these important matters due consideration.

The Quebec Bridge failure is a glaring example of the evil effects of
leaving the designing to the bridge manufacturer; for while in that case
there was nominally a consulting engineer, he did not prepare either
stress sheets or details, but entrusted this vitally important work to the
manufacturers.

In connection with this great disaster an important question pertinent
to the subject of this chapter was raised by an erroneous statement in the
testimony of one of the witnesses, and this statement was indirectly endorsed
editorially by Engineering News. Later in the columns of that paper
the author challenged it, and as the matter is of great importance to
both the engineering profession and its clients, his letter is here reproduced.
It reads thus:

“In connection with the investigation of the Quebec Bridge disaster a point has
been raised which, in my opinion, is likely to produce an erroneous impression on the
minds of your readers. I, therefore, beg permission to call attention to the matter
and to give you my views thereon for publication.

“From p. 475 in your issue of October 31, I quote the following:

¢¢Q. Do you consider that it is wise practice when building a bridge of novel character
and unprecedented dimensions to place the design of the structure and of the
meth of erection in the hands of the mechanically trained staff of a con-
tracting company, and, if not, why was this practice allowed in this case?

“¢A. In answer to this question, it is the general practice in America to have the mechan-
ically trained staff of contracting companies prepare the working plans. As a
rule, no engineer could afford to maintain a staff of such character and no
corporation would listen to a fee that would cover any such expense.’

“ And from your editorial on p. 587 in the issue of November 28, I quote this statement:

‘ “The normal and proper way of constructing any great engineering work which is
done by contract is for two engineering organizations to work together. The one
regresenting the contractor and the other representing the purchaser can check each
other’s errors, can study the work from different points of view, and can produce a
::letter’ and more economical result working in co-operation than either could working

one.

“If these statements are not contradicted, the general public will be led to believe
that American bridge specialists are incapable of designing great bridges, that they
have to fall back on the superior (?) knowledge of the bridge companies, and that their
sole function is to check the numerical work (and perhaps also the honesty) of the
manufacturers’ designers.

“Unfortunately, the old and still too prevalent custom of railroad companies of
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having stress sheets prepared by their own engineers and of leaving the detailing to the
bridge manufacturers lends some credence to this notion; but I beg to state most emphat~
ically that any consulting bridge engineer who is truly worthy of that distinguished
appellation is not only capable of preparing complete designs for bridges of all kinds,
but also mskes an exclusive practice of so doing. )

“The consulting engineer who prepares specifications, or specifications and stress
sheets, only, and submits them to bridge manufacturers for the detailing, is shirking
his work and is not earning his pay. Once in a while some railroad company, as a
matter of supposed economy, insists that its designing must be done in this manner;
but the result is almost invariably unsatisfactory in that, if the engineer fail not in his
full duty, he will do far more work than he is paid for, and in that the resulting structure
is inferior to what the engineer would himself have designed, because the outcome as
regards the detailing is invariably a compromise. On a few occasions I have been
placed in this predicament, and the result has always been unsatisfactory. As a matter
of fact, little or no economy results; for when the contractor does the detailing, the
cost thereof must be borne by the purchaser just as truly as though the consulting
engineer did the work and was paid directly for it; because this item is hidden in the
total cost of the structure. Such economy as the practice entails springs from the
fact that the contractor employs cheaper and less competent men to do the work than
the consulting engineer does.

“That the railroad companies of this country are beginning to understand this matter
is shown by the fact that a number of the principal systems have established bridge
departments of their own for the purpose of preparing complete detail plans for all the
new bridges required, as well as to supervise the maintenance of old structures. Again,
many other railroad systems employ independent consulting engineers to do all their
bridge designing and to supervise the construction of all important structures.

“To the practice of letting the superstructure manufacturers prepare the plans of
bridges is due the fact that so many railroad structures wear out and have to be renewed.
Such structures fail invariably in the details. An old bridge designed by a manu-
facturing company ordinarily reaches the danger limit when, according to the best
modern specifications for designing, it is overstressed fifty (50) per cent, or in some cases
even less; while a really scientifically detailed bridge will be perfectly safe under much
greater overloads.

“In defence of the few American bridge specialists who can properly claim to be
entitled ‘consulting bridge engineers,’ and who are entirely disassociated from the
manufacturers, my firm being included, I desire to state that we have offices 8o organized
that the entire designing in every detail of a structure as large and important as the
Quebec Bridge, or even larger, would be done by us without any aid from the con-
tractors. It is true that we might have to consult them occasionally as to the ability
of their shops to do certain work in a certain way; but most assuredly we should never
have to ask their assistance in making the plans.

“A true bridge expert is an engineer who is thoroughly posted in every detail of
designing and construction, and who has had ample experience not only in the designing
office, but also in the rolling mills, the bridge shops, the testing room, and the field.
It is in the defence of such engineers that I am sending you this letter.”

It is pot only in large structures that the services of the bridge specialist
are required. Small ones also need careful, scientific designing, close
inspection in rolling mills and shops, and thorough supervision in the field,
if the purchaser is to obtain the full worth of his money. Accidents and
failures are by no means confined to large structures—in fact, far more of
them happen to small bridges than to large ones, not only because there
are more of the former than of the latter, but also because, as a rule, more
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care is given to the designing, manufacture, and erection of large and
expensive structures than is usual in the case of small and cheap ones.
Bridges as insignificant as rolled I-beam spans often require the trained
judgment of the bridge specialist in their designing. This was shown once
in the author’s practice, when one of his clients, in order to save a small
fee for designing, had a little ten-foot span designed by his railroad engineer,
with the result that on account of his forgetting the heavy, single-axle
concentration from one of the passenger locomotives, some ten or twelve
of these little structures had to be strengthened by doubling the number
of lines of I-beams.

In the days when it was customary for railroad companies to call for
competitive bids and to let their bridges by the lump sum to the lowest
bidder (and, alas, this pernicious custom has not yet quite passed out of
existence) the evil effects of doing bridgework without competent engineers
was more marked than it is today, as it is now usual to purchase railroad
bridges by the pound either delivered on cars or erected. Still today
the bridge specialist is needed not only to secure proper designs but also to
protect his clients’ interests against overcharge and fraud; because when
bridges are paid for by the pound and when the designing is left to the
manufacturer there is a great temptation to put in much unnecessary
metal, generally in the main members instead of in the details where it
might do good by stiffening the structure and increasing its resistance to
impact. An amusing incident once occurred in the author’s experience
that confirms the last statement and illustrates clearly the necessity for
disinterested engineering supervision.

An engineer was engaged in compiling the records of weights of metal
in bridges designed by one of the largest American bridge companies, and
could not derive satisfactory curves for his diagrams because of the great
variation in the weights per foot of structure. One day in despair he went
to the Chief Engineer with a glaring case of variationand said: “ Howdoyou
account for this?>—here are two bridges of the same span, designed for the
same live load and under the same specifications, and yet their weights
of metal per lineal foot vary twenty-five per cent!”” The reply was: “My
dear fellow, that is dead easy, one was built for a lump sum and the other
for a pound price.”

Even if the bridge companies were always perfectly honest in designing
bridges, they could not obtain the best possible structures, because their
designers spend their entire lives in the offices of the company and never
see in the field how their bridges act under load; while, on-the other
hand, both the independent consulting bridge engineers and the salaried
bridge engineers of railways are continually inspecting defective structures,
learning their weak points, and evolving methods of improving designs for
new bridges. In this particular the consulting engineer has a decided
advantage over his salaried brother, for the former’s experience is with
many roads, while the latter’s is generally confined to but one.
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There are very few chief engineers of railways who are at all thoroughly
posted about bridgework; and the higher such men stand professionally
the more ready they usually are to confess their ignorance and to call in
specialists to aid them in designing and building their structures. It is
only the small, narrow-gauge man who claims that he knows all about
everything; and it stands to reason that, if a railroad engineer is really an
expert on bridges, he is almost sure to be deficient in general knowledge of
many important branches of engineering connected with railroad work;
for nowadays life is too short to cover the entire field of professional
knowledge and experience in such a broad subject as railroading. When
a railroad engineer claims that he is “a pretty good bridge engineer him-
self,” as he sometimes does, it is safe to put him down as a “jack of all
trades and a master of none.”

Except in the case of very large and wealthy railway companies wkich
can afford to pay big salaries for engineering work, it is better for a railroad
company to retain some bridge specialist or some firm of consulting bridge
engineers to attend to all the engineering of its bridgework rather than to
establish a corps of bridge engineers of its own. The reasons for this are
as follows:

First. The work will be better done by a trained specialist than by a
mediocre man working on a salary.

Second. In case of accident to a bridge involving loss of life, the rail-
road company will escape more easily both public censure and heavy
damages if it can show that it did its utmost to avoid such trouble by
employing specialists eminent in their profession to engineer its structures.

Third. 1t is generally less expensive in the end to pay specialists the
regular standard percentage fees than to maintain constantly on salaries
a regular bridge engineering force, because when the specialists are not
working for the company they are not paid, while the salaries go on month
after month, year after year, regardless of whether the men are busy or
idle; and it is not practicable to discharge salaried bridge engineers when
work runs short and to pick up others when it is resumed, if one expects
to have the work done satisfactorily and effectively.

Too often railroad companies deem that any cheap engineer who has
had a few years of experience in bridge drafting will suffice for their regular
bridge engineer; and while they do not always learn it quickly, they are
continually paying for his mistakes and lack of wide experience. A
glaring case of this kind once came to the author’s knowledge, in which
the chief draftsman of a bridge manufacturing company was secured for
a small salary to act as bridge engineer for an important railroad system.
Some of the designs that he prepared were extravagant and others were
absurd. For instance, in a long, high, deck bridge he widened at great
expense the piers so as to reduce their height and surmounted them with
braced steel towers; and he evolved a hybrid truss, partly riveted and
partly pin-connected, the pins being located on the axial lines for the
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eye-bar diagonals but eccentric to those of the chords. The best shop
work possible eannot ensure that for such construction the pin centres
ghall be in exact position, and as the eye-bar diagonals were not provided
with means for adjustment, the result is certain to be that some of the
diagonals will be loose and that others will be overstressed. The errors
of this cheap engineer will eventually cost his company many times the
amount of the fees that it would have had to pay competent specialists
for doing the designing.

When a railroad company employs a bridge specialist, it should have
complete confidence in him and should leave all the details of the bridge
work entirely in his hands, being guided by his advice and counsel in all
matters relating to the structures for the line. Any interference with him
in his duties will breed trouble and expense; and when the president or
general manager thinks that he knows more about bridges than does the
specialist, it is time to make a change in the manner of handling the
bridgework of the road; for no self-respecting engineer should permit
unwarranted interference with his duties by any one, even the president
of the railway.

Examples of the ill effects of such interference have occurred in the
author’s practice, among which may be mentioned the following:

On some foreign work the president of the road requested the resident
engineer, who represented the bridge specialists, to change the specifica-
tions for building certain small piers and abutments so as to permit therein
the use of lime instead of Portland cement. The resident engineer very
properly objected and reported the matter to his principals, who refused
in writing to make the change; then, when the president insisted upon the
modification, they arranged to have the supervision of the construction
of all the said piers and abutments taken out of their jurisdiction and trans-
ferred to that of the chief engineer of the railroad. The result was that
over one hundred thousand dollars’ worth of substructure had to be taken
out and replaced because it was not strong enough to carry even the dead
load of the spans.

In another case a design for a small bridge did not please the chief
engineer because of alleged lack of economy due to excessive length of
superstructure, and he persuaded the president to order it shortened.
The original design involved a cheap buried pier at each end to support
a 50-foot, deck, plate-girder span, the middle span being of the same type
but 70 feet long, and the intermediate supports being steel bents on
little concrete pedestals. The alternative design, which in spite of an
emphatic, written protest, was adopted, consisted of a 125-foot deck,
open-webbed, riveted truss span resting on two high concrete abut-
ments. The total cost of the structure was increased twenty-five per
cent by the change.

In another case the bridge engincers were compelled to use an inferior
cement because its manufacturer would be an important patron of the
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railroad; and when they tendered their resignation they were begged to
finish the work on the understanding that they were not to be held re-
sponsible for the efficiency of the substructure. While the concrete
thereof hardened after a long time, the piers are certainly not as good
as they would have been had first-class cement been employed.

In another case the superintendent of bridges of a railroad, to whom
the bridge specialists reported, insisted upon the resident engineer raising
the base of a concrete abutment, which rested on wooden piles, two feet
above low-water elevation, simply because the excavation was endangering
his old timber trestle. The resident engineer was weak enough to comply,
instead of reporting the matter to his principals, who would certainly
have refused to permit the change; and the result is a pile foundation
that some day may fail because the piles are exposed to the air. How-
ever, as they are surrounded by earth up to the concrete and are likely
to remain so, it is probable that the evil day is far distant. It would have
been much better, though, to spend a few dollars on reinforcing the old
trestle rather than subject the abutment of an otherwise truly first-class
bridge to the possibility of failure even in the distant future.

The ideal bridge specialist is an engineer who has had a broad, hberal
general education, who is a graduate of some technical school of high
standing, who has had a varied experience in several other lines of en-
gineering than bridges, who has a practical knowledge of all the work in
the rolling mills and bridge shops, who is fairly expert in testing materials,
who is versed in the commercial as well as in the professional features of
bridge building, who has served for several years in both office and field
under some competent consulting bridge engineer before starting in
practice for himself, who has developed sound judgment from being
connected with the handling of large enterprises, who is both honest
toward his clients and fair toward his contractors, and who is not only
eminently energetic himself but also capable of making every man under .
him exert his best efforts on the work. The bridge specialist should
have some knowledge of the law of contracts, should be expert in the
preparation of specifications, contracts, estimates, reports, prospectuses,
and similar papers, and should be such a master of his own language that
his literary productions are models of clearness, vigor, thoroughness,
completeness, and elegance of diction. He should ever be both a student
and practitioner of true economy in design and construction, and he
should pay special attention to rigidity as well as strength. He should
give due attention to @sthetics in designing by beautifying in every prac-
ticable way the structures that he plans and builds. He should also
study the action of old structures under passing loads not only to deter-
mine concerning their safety, but also to ascertain their weaknesses so as
to avoid them in future designs. He should be systematic in all that he
does, and he should make a practice of so recording and filing that every-
thing of value connected with his work may be readily found. In dealing
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with contractors, while primarily protecting his clients’ interests, |
position should be judicial. In all business relations he should be tacti
and polite, for otherwise he will either fail to accomplish desired resu
or will do so by the expenditure of much wasted energy and effort. Wh
being careful and painstaking in every detail of his work, he should knc
how to transfer to others the burden of such details and to see that th
give them the necessary attention. While conservative in guarding ]
clients’ interests, he should ever be progressive; and, instead of being
worshipper of precedent, he should become an advocate and practitior
of legitimate innovation. And, finally, he should give to the engineeri
profession the benefit of his researches, discoveries, and accumulat
knowledge by writing technical books, and by preparing papers for t

. engineering societies, instead of selfishly reserving such information {

his own personal use and benefit.

The life of a bridge specialist is by no means easy, for like every o
else he has his grievances; but he must learn to bear with those that s
unavoidable and overcome the rest; and his governing motto shou

ever be “integrity, thoroughness, and progress.”



CHAPTER III

ORDINARY MATERIALS OF BRIDGE CONSTRUCTION

IN this chapter there will be discussed rather concisely each of the
ordinary materials employed in the construction of bridges, beginning
with those for superstructure, then passing to those for substructure, shore
protection, etc. Alloy steels, however, the use of which is a new departure
in bridge building, will be reserved for the next chapter.

RoLLED CARBON STEEL

Ordinary rolled steel used for bridge superstructures is divided into
three classes, viz., soft, medium, and high, but the exact limits thereof
are not accurately determined. Without laying oneself open to severe
criticism, it may be stated that soft steel has an ultimate strength of
from 50,000 lbs. to 60,000 lbs. per square inch; medium steel from 60,000
Ibs. to 70,000 Ibs. per square inch; and high steel from 70,000 lbs. to 80,000
Ibs. per square inch.

Soft steel is mainly used for rivets and adjustable rods, and medium
steel for most of the other parts of bridges. High steel in the past has
occasionally been employed for eye-bars in bridges of long span, but of
late it has been replaced by nickel steel. It .3 legitimate to make pins
and expansion rollers of high steel; but it is hardly worth while, for their
weight is such a small percentage of that of the whole superstructure
that it would scarcely pay to use a special steel for their manufacture,
unless it were really desirable to reduce the diameters of the ﬁms or the
sizes of the roller bases. High steel has sometimes been employed for
the manufacture of built members, but, really, it is unfit for this purpose,
as it is too brittle to withstand properly the various manipulations to
which bridge metal is subjected in the shops.

The current practice of American steel manufacturers is to make but
little, if any, distinction between the soft and the medium steels used for
bridgework. They keep the ultimate strength of most of their product
down to from 60,000 Ibs. to 62,000 lbs. per square inch, their object in so
doing being purely commercial. It costs no more to manufacture medium
steel of strength between 60,000 lbs. and 70,000 lbs. per square inch and
having an average of 66,000 lbs. than it does to manufacture a steel hav-
ing an average strength of 4,000 lbs. or 5,000 lbs. per square inch less,
excepting, perhaps, that the higher product is slightly more liable to
rejections. As far as the manufacture of bridges is concerned, it really
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costs no more to use the true medium steel than it does to employ the
compromise product of the manufacturers; and the structures built from
the higher metal are in every way as good and reliable as those built
from the lower, while they have five (5) or six (6) per cent greater strength.
One of the manufacturer’s principal objects in using the softer steel for
bridges is to avoid reaming the rivet holes; but such avoidance for any
kind of steel is not good practice. No matter how soft the metal may
be, it should be reamed: primarily, so as to make the holes of the com-
ponent pieces match properly; and, secondarily, so as to remove most
of the metal that is injured during the process of punching. This ques-
tion is of such importance that it is dealt with at length elsewhere in this
treatise. The composition and qualities of rolled carbon steel of all kinds
used in bridgework are treated fully in Chapter LXXIX.

In times past there have been many discussions concerning the rela-
tive merits of Bessemer, acid open-hearth, and basic open-hearth steels.
The author has always opposed the use of Bessemer steel for bridgework
on the ground that it is unreliable and subject to cracking, and today the
stand he has taken is confirmed by the established practice of the best
‘American bridge engineers, who unanimously bar Bessemer steel from
their structures. For many years acid open-hearth steel was rightly con-
sidered superior to basic open-hearth steel in that it was more reliable,
but the process of manufacture of the latter product has been so much
improved that it is now superior to the former—in fact, it is today used
almost exclusively in bridge construction.

Those interested in the designing and construction of metallic struc-
tures are often asked how much carbon there is in the various kinds of
steel used therein, and generally the question remains unanswered be-
cause of inability to reply, the reason being that the amount of carbon is
not specified by the bridge engineer, but is left to the discretion of the
metal manufacturer. The author, of course, has had for many years a
general idea of the amounts used; but, in order to speak on the subject
authoritatively, a short time ago he asked one of the high officials of the
Carnegie Steel Company to state the amounts to him, and he obtained
in that manner the information given in the following table.

CARBON STEEL

n n of Carbon in
Pounds per Seusce néh Percen e Steel
50,000 0.25 to 0.30
60,000 0.30 to 0.35
70,000 0.35 to 0.40
80,000 0.40 t0 0.45
90,000 0.45 t0 0.50

The amount of manganese in such carbon steels varies uniformly
from 0.5 per cent in the soft steel to 0.7 per cent in the highest steel.
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The ordinary metal sections employed in American bridge designing
are as follows: plates, angles, I-beams, channels, flats, Z-bars, buckled
plates, trough-sections, corrugated plates, H-sections, tees, and rein-
forcing bars.

Plates are rolled in width as great as eleven (11) feet, and in length
up to seventy (70) feet for the narrowest and eighteen (18) feet for the
widest sizes, the thickness being limited to two and a quarter (214) inches.
Plates of even greater dimensions than these can sometimes be obtained
by paying a special price for them. There are two kinds of plates used,
viz., sheared plates and universal mill plates. The latter are limited in
width to about four (4) feet.

Angles are rolled up to the limit of eight (8) inches by eight (8) inches
and up to a thickness of an inch and an eighth (114). For ordinary sections
they can be obtained up to one hundred (100) feet and over in length; but
for very heavy sections the limit is less. There is no hard and fast limit
of length given by the manufacturers; and it is probable that for special .
cases great lengths for the heavy sections could be procured by paying
a special pound price. It is not good policy, though, to order special
sections or lengths for any rolled metal, because of the delays that are
usually involved in the execution of such orders.

The ordinary limit of depth for I-beams is twenty-four (24) inches,
but the Bethlehem Steel Company on its list of special sections has beams
of 26, 28, and 30 inches depth. That Company at first experienced seri-
ous difficulty with its special sections; but it has been entirely overcome.
This is fortunate, because these very deep beams are a great boon to
bridge designers and builders.

With the exception of some eighteen (18) inch channels listed by the
Cambria Steel Company, but not yet in general use, none of the sections
deeper than fifteen (15) inches have been employed. There is an impression
prevalent that the deeper sections warp badly in cooling. There is no
limiting length for I-beams and channels set by the rolling mills, and the
bridge designer generally finds no difficulty in procuring these sections
in as great lengths as he desires.

Flats can be obtained up to any length and section needed in bridge
designing. Z-bars are rolled up to six (6) inches depth only and to a thick-
ness of seven-eighths (74) of an inch. As this type of section makes an
excellent column, it is to be hoped that the American manufacturers will
goon roll larger sizes.

Buckled plates are manufactured up to four (4) feet in width and
in lengths up to about thirty (30) feet, the rise being limited to three and
a half (314) inches.

Trough plates when riveted together form troughs about six (6) inches
deep with a distance of eight (8) inches between centres of adjoining
sections.

Corrugated plates are rolled in width from eight (8) to twelve (12)
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inches, in thickness up to one-half (}4) inch, and in rise from one zud a
half (114) to two and three-quarters (234) inches.

These buckled and corrugated plates are mainly used to support pave-
ments of highway bridges, and the trough plates to carry railway ties in
ballast.

H-sections have been rolled in America for a few years only, but they
have been procurable from Europe for some time. They make excellent
small columns for highway bridges and can be. used for diaphragms of
heavy built columns. They are procurable up to fourteen (14) inches in
depth by fourteen (14) inches in width. It is probable that they will be
largely used in future by bridge designers.

Tees are very seldom required in bridge designing. Formerly they
were employed for plate-girder stiffeners, but of late years they have been
superseded almost entirely by angles.

Reinforcing bars are made of various types and sections, some good
and others but little better than plain bars, of which many as yet are
used for reinforcing—especially in Europe. The best kinds are the cor-
rugated ones, but there is a choice between these, those having transverse
corrugations being preferable to those having longitudinal corrugations.
Square, twisted bars are inferior to corrugated ones, and it is doubtful wheth-
er they are superior to plain bars. Reinforcing bars are rolled in both high
and medium steels, the principal advantage of the former being an economy
in weight of metal, and the advantages of the latter a greater facility for
fabricating in the field, a less brittleness, and occasionally a trifling saving
in pound price. The author’s invariable practice is to use medium steel
for reinforcing bars.

Besides the preceding sections there are employed sometimes in bridge-
work the following: sheet-piling sections, bulb angles, round-back angles,
rail-guard angles, square-root angles, and hand-rail tees, all of which can
be found thoroughly illustrated and described in the handbooks of the
various manufacturers of rolled metal.

CaAsT STEEL

The composition of cast steel varies but little from that of rolled
medium steel, except that the carbon content and the permissible per-
centages of certain impurities are a trifle higher. In strength it lies about
half-way between the medium and the high steels. For many years it
was almost impossible to procure cast steel suitable for bridgework, owing
mainly to blow-holes and other serious flaws in the castings; but today
it is otherwise, for now one can count upon obtaining satisfactory castings
without an undue amount of trouble. Unfortunately, though, the high
price of steel castings, which until lately appeared to be unavoidable, has
prevented their adoption to any great extent in bridge building; but
there is a tendency today on the part of the manufacturers to substitute
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cast steel shoes and pedestals for built ones, and the pound prices for
machinery castings have been lowered. It is now feasible to rivet steel
castings to other metal work without running any serious risk of cracking
them. They are highly desirable for certain parts of movable bridges,
and their wider adoption is probably only a matter of time. It is by
means of steel castings that the articulation of compression chords of
bridges may be accomplished—which, in the author’s opinion, is a desid-
eratum of great importance for the science of bridge designing. A reference
to this point will be found in Chapter XXII.

Cast IrRON

As a rule, it is best to bar out cast iron from bridge building; never-
theless there are places where it may legitimately be employed—for in-
stance, in heavy base-plates that rest on masonry and which are used
for the purpose of distributing great loads over large areas, in counter-
weights, in wood-washers, and in certain bearing blocks for operating
machinery. None but the very best quality of cast iron should be em-
ployed for bridge building, excepting of course in counter-weights where
weight is the sole desideratum.

WRrouGHT IRON

Wrought iron nowadays is rarely used in bridge building. Its sole
function there is for the manufacture of loop eye-bars, which have to
be welded. Wrought iron is greatly superior to steel for welding pur-
poses; hence it is still employed occasionally for hangers and suspenders
in highway bridge building. It has another feature of superiority to
steel in that it resists corrosion far better. If it could be purchased at
about the same price as steel, it would be advisable to adopt it in places
where resistance to deterioration rather than strength is the main func-
tion of the metal; for instance, in the shells and bracing of cylinder piers,
and where the metal is to lic in or close to salt water. The wrought iron
employed in bridge building some twenty-five or thirty years ago was
generally a most superior metal, as is evidenced today by its demand
for blacksmith shops when the old structures are removed.

Wire Rore

There is an unfounded prejudice on the part of many engineers and
users of bridges against the adoption of wire rope in bridge building; for
when it is of the proper quality, it is just as desirable and useful as any
other of the materials employed therein. For movable spans it is emi-
nently suitable, as it affords a cheaper and more reliable means of opera-
tion than does the rack-and-pinion method. None but the strongest and
most pliable wire ropes manufactured should be used in the building of
bridges; because the difference in price between a good and an inferior
rope is a bagatelle.
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Wire ropes are made with both hemp and wire centres. The former
are generally the better for bridgework, unless the feature of non-stretch-
ing is of importance. All wire ropes will stretch more or less under use,
but those with hemp centres far more than those with wire centres. On
the other hand, the latter require much larger sheaves than the former,
and these details are expensive. For the cables of suspension bridges
the bending of the rope is not an important consideration, hence wire
centres are advisable, not only because of their greater strength, but
principally because the stretching of the cables would be objectionable.
Such stretching is generally small in standing cables; nevertheless it does
exist, for the component strands tend to close up even in stationary ropes.
Every engineer who purposes using wire rope in his constructions should
not only post himself thoroughly about the qualities and characteristics
of the different kinds procurable, but also should familiarize himself with
the correct methods of figuring and combining the various stresses to
which they are subjected by both direct load and bending.

WIRE

Wire is used for bridgework also in reinforced concrete and in mat-
tresses. For the former, strength is the prime requisite, but for the latter
it is pliability. Wire mesh is employed in concrete piles and for cheap
fences or railings of highway bridges.

CoPPER

Copper is utilized but little in bridgework. Its use is confined mainly
to electric wiring of operating machinery and to building the gutters and
down-spouts of machinery houses.

BronNzE

Bronze is used in bridgework only for high-pressure bearings; for
instance, in the pivot sockets of centre-bearing swing spans, or sheave-
journals of vertical lift bridges.

BaBBITT METAL

Babbitt metal is sometimes adopted for machinery bearings, but its
principal use in bridge building is for filling sockets in the attachment
thereto of wire rope. It is melted and poured in between the spread and
turned-back ends of the individual wires, thus preventing their pulling
through the eye. Of late zinc has largely replaced Babbitt metal for
filling sockets.

TIN PLaATE
Tin plate is employed in bridge building only in the covering of the
roofs of machinery houses. It is important to specify the best quality
that the market affords, as there is no economy in using an inferior article.
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Leap

Lead is sometimes adopted to procure an even bearing between metal
and masonry, but as the pressure makes it flow into the interstices of the
stone, an objectionable splitting tendency results, hence the practice is
not to be recommended. Lead is also employed to exclude water from
the expansion joints in concrete floor-slabs; but otherwise it is not much
used in bridgework. As there is no other use for lead in bridge building,
that metal may properly be excluded from the list of materials employed
in bridgework.

PainT

This is such an important material for bridges that an entire chapter
(No. XXXIV) is devoted to its discussion.

PAINT-SKINS

Paint-skins are utilized for filling small spaces in metal work before
the protective covering is applied. Asphaltum is sometimes used instead.

AsPHALT

Asphalt is employed in bﬁdge building mainly for pavements; but
when mixed with pitch, it is used between the layers and in the cracks
of planking and in coating bolt-holes in wood.

Pircu

Pitch is used in bridges for protecting wood and for caulking caissons.

OAxUM

Oakum also is used for the latter purpose.

FELT

Felt is utilized in bridge building mainly for expansion joints in con-
crete and for placing, when covered with hot asphaltum or pitch, between
the two thicknesses of plank flooring, or under pavements to prevent
leakage.

ASBESTOS

Asbestos in the form of cloth is sometimes employed instead of felt
for the expansion joints in concrete work.

PLASTER

Plaster is used in bridges solely for the walls of the machinery houses.
Only the very best quality that the market affords should be purchased,
because the vibration of the machinery has a tendency to loosen the

plastering.
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TIMBER

Timber was formerly used in bridge construction far more extensively
than it is today, entire bridges—both substructure and superstructure—
being built of it almost exclusively, but nowadays its employment is
gradually being reduced. This is because of three good reasons: first, its
perishability; second, its increasing scarceness, and, third, its conse-
quently augmented price. In the days of the Howe truss bridge it was
the builder’s most important material, for the trusses of that type were
constructed mainly of timber; but today wooden bridges are built only
in the most remote districts and in communities where there is not suf-

-ficient money available for steel or concrete structures. It is still em-
ployed largely for trestles, both railway and highway, and will continue
to be so used until the price of timber becomes prohibitory, the day for
which is not far distant. It is employed largely for piling, but even there
it is being gradually replaced by reinforced concrete.

The kinds of timber most used in -bridge building are the long-leaf
yellow pine of the Southern States and the Douglas fir of the Pacific
Coast. Both are excellent. Oak used to be employed a good deal for the
track ties of railroad bridges and for the flooring of highway structures;
but it has gotten into disfavor among bridge builders for several reasons,
viz., its tendency to warp and split, its liability to dry rot, the exhaustion
of the better kinds, and the augmented price of the inferior species.
The good oaks are the white, cow, chincapin, post, burr or overcup, and
live oaks. The bad ones are the red, Spanish or water, black, black-jack,
and pin or yellow-butt oaks.

Short-leaf yellow pine is allowable in bridgework only where it is to
be kept permanently under water, as in cribs and caissons of piers. It is
too short-lived and brashy to be used elsewhere, unless it be for the in-
terior finishing of machinery houses, and for this purpose other materials
are generally preferable.

Cypress of certain kinds is valuable for piling because of its durability,
straightness, and great length; but for most places it is a rather expen-
sive timber to adopt. Red, black, and yellow cypresses are good, but
white cypress is not.

Pacific Coast cedar is an excellent timber for piling. It could be used
for other purposes, and might be, were it not that Douglas fir is preferable
and just as available.

Timber has, of late years, become so scarce and expensive that it gen-
erally pays to treat it, the best preserving process for bridge timber being
that of creosoting. Specifications for this method of treatment are given
in Chapter LXXIX.

Timber still continues to be used largely for highway bridge floors, but
it is gradually being replaced by steel or reinforced concrete for the joists

and by reinforced concrete for the planks. It will long continue to be
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employed for the decks of such structures, as creosoted yellow-pine blocks
make the best kind of pavement for bridges. Timber is still the principal
material for building the cribs and caissons of piers, but steel shells filled
with concrete have been employed occasionally for more than a quarter
of a century; and today reinforced concrete caissons have been estab-
lished as more than a possibility. Timber for ties in railroad bridges will
probably hold its own for many years, owing to the cushioning effect of
that material, but the time will certainly come when something else
must be used.
Brusun

Brush is employed in bridgework for the building of mattresses to pro-
tect the piers and the river banks from scour. The best kind of wood
for brush is willow, the requirements being strength, toughness, and
pliability. Specifications for it are given in Chapter LXXIX.

STONE

There are two general classes of stone used in bridge building, viz.,
masonry stone and broken stone for concrete. It was only a few years
ago that piers and arches were built almost cxclusively of stone masonry,
but today nearly all of them are being constructed of concrete. The best
kind of stone for masonry is granite, but at the same time it is nearly
always the most expensive, owing to the high cost of dressing. The
better kinds of limestone are the next best stones for masonry, and are
the ones generally employed. Sandstones usually are the poorest, but
there are certain metamorphic sandstones that are as strong and as dur-
able as granite, but at the same time they are about as expensive to work,
owing to the absence of cleavage planes. Specifications for masonry stone
are given in Chapter LXXIX. ‘

The main requisites for concrete stone are that it shall be hard, clean,
and durable. A certain amount of impurity does not injure it materially;
but, in general, it may be stated that the cleaner the stone the better
will be the concrete, notwithstanding the fact that certain experiments
have shown that concrete made of dirty stone is stronger than that made
of the same kind of stone after being washed. The impurity generally
consists of clay. If this is mixed uniformly throughout the mass, it will
do but little harm, and may even apparently do some good; but, unfor-
tunately, it generally adheres in small lumps to the stone, and these
certainly reduce the resistance to shear and injure the tensile strength.
Stone dust, or, as it is sometimes termed, “quarry dust,” is not an im-
purity, for it acts like sand in the concrete. Smooth stone is inferior to
rough stone for making concrete. Stone is occasionally used for the pav-
ing of bridges; but, owing to its great weight, it generally involves too
much expense for steel superstructures. It is eminently suitable for ma-
sonry arches or reinforced concrete bridges, where a large dead load is
not objectionable.
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Brick

Brick is not much employed for bridge construction in America; never-
theless well-built piers of hard-burned brick laid up in rich Portland cement
mortar are truly first-class constructions. They can be adopted advan-
tageously in places where stone and gravel are either not procurable or
very expensive. Moreover, brick-bats, when broken small enough, make
pretty fair concrete, provided that no soft bricks be allowed.

GRAVEL

Gravel is suitable for the principal ingredient of concrete, although it
does not develop as great strength as broken stone. This may be due to
the smoothness of its surfaces or to the lack of locking power, which
broken stone possesses to an eminent degree. A certain proportion of
gravel may be added to broken stone with advantage, in that the addition
will decrease the percentage of voids in the mass and thus lessen the
quantity of cement required. Gravel should be clean and free from all
impurities of a character that would be injurious to the concrete, such
as chips of wood and pieces of bark. The rougher the pieces of stone
and the more varying their sizes the better. In general, it is preferable
to use broken stone for concrete, when it is procurable at reasonable
expense, and gravel in other cases; but when a bed of sand and gravel
mixed in about the right proportions for concrete is available, the temp-
tation to employ the mixture is hard to resist.

Gravel that is too dirty for concrete can often be washed at reasonable
expense and thus rendered suitable.

SHELLS

Opyster shells are sometimes used instead of broken stone or gravel
for making concrete; but the practice is reprehensible, for such shells are
‘not strong enough. The strength of a concrete is a direct function of the
strength of its main ingredient, hence an engineer should avoid trouble
by refusing to employ a weak material therefor, even if all better materials
available be much more expensive. Of course, shell concrete can be em-
ployed as a last resort; but it should be loaded lightly, and, in many
cases, more of it should be used than would be the case were a first-clas
material adopted.

CINDERS

Cinders are sometimes used in the concrete floor-slabs of bridges, but
they are just as objectionable as shells, if not more so. The only excuse
for employing cinder-concrete is to reduce the dead load; and this redue-
tion is obtained only by leaving voids in the mass—which, for obvious
reasons, is objectionable.
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SanD

Sand is a very important constituent of concrete or mortar. The use
of a poor sand will often reduce the strength of the product as much as
fifty per cent. Sand should be coarse, sharp, and clean. Very fine sand
or quicksand in concrete is liable to ruin it. Sand can often be improved
materially by washing, as that process, when properly applied, carries off
most of the impurities. Sand with smooth, rounded grains does not make
good concrete or good mortar. The best sand for these that is found in
nature is one that has sharp corners and rough surfaces, with grains of
all sizes from coarse to very fine, and in which the percentage of voids
is & minimum.

CEMENT

The importance of using first-class cement for both concrete and ma-~
sonry cannot be too forcibly emphasized. A barrel or two of bad cement
might be the means of causing the destruction of a bridge and untold
disaster in consequence. There are in the market today plenty of really
good cements; hence there is no excuse for ever employing a poor one.
The foreign cements used in America, as a rule, are more reliable than
American cements. There are two reasons for this: first, the manufac-
turers thereof have had more experience, and, second, the long sea voyage
allows ample time for thorough hydration. A great deal of American
cement is shipped hot from the mill to the consumer; and if he has it
properly tested, he will often find that it will not stand the steaming and
boiling tests, and that the pats made of it will either crack or fail to harden
as they should. The author has had much trouble and unpleasantness
with both substructure contractors and the manufacturers of cement on
this account; and he expects to have more in the future because of the
inexcusable custom of putting on the market cement that has not weath-
ered. How seriously such cement injures the concrete is hard to say;
but no conservative engineer will be guilty of taking any chance by using
an inferior article when one of known excellence is procurable.

In the old days of bridge building much natural or so-called Rosendale
or Roman cement was employed; but it was always inferior in strength
to Portland cement, and as the price of the latter has been reduced to a
very reasonable figure, there is no further need of ever considering the
natural cements for bridge construction.

The specifications for cement given in Chapter LXXIX are quite
reasonable in their demands, and at the same time they will provide a
sufficiently good material for all purposes. Any cement that develops
its strength very rapidly should be regarded with suspicion, because, if
tested for a period of several months, it will almost certainly show a de-
cided drop; and this loss may or may not be recovered later. Some cem-
ents set too rapidly for bridgework, hence pains should be taken to
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determine quite often the times required for setting. New brands of
cement need more thorough testing than old brands of established repu-
tation. No American cement should ever be used without testing, and
European cements should be tested also, if practicable; but if one is in a
hurry, he would run no great risk by using without testing for more than
one day any European brand of cement of established reputation, provided
each barrel be carefully examined for injury by water. The author once
employed on one piece of work some sixty thousand barrels of a well-
known brand of German Portland cement without having to reject a
single barrel, excepting a few in which the contents were caked from
exposure to rain.
LiMe

No man who deems himself a bridge engineer will ever consider for a
moment the use of lime in any of his structures. It is a material that is
entirely unsuitable for his purpose. The only reason that could possibly
be advanced for its employment is economy—and such economy would
certainly be false. When mixed with cement, lime lowers the strength
of mortar very rapidly, and when cmployed alone it is totally unfit for
use in any kind of engineering construction.




CHAPTER 1V

ALLOY STEELS IN BRIDGEWORK

THE use of alloy steels for bridgework is such an important matter
that it seems advisable to devote to it an entire chapter, thus segregating
them from the ordinary materials of bridge construction, which were
treated in the preceding chapter.

Alloy steels are almost always more expensive than ordinary steel,
but they are generally stronger; hence, in order to effect any certain
purpose, it usually does not require as much weight of metal as if the
said ordinary steel were employed. The proper adjustment of the lesser
weight to the greater pound price will determine the economy or lack
of economy in employing the alloy, excepting only in those minor cases
in which some other characteristic than mere strength, such as hardness,
resistance to abrasion, or smallness of volume, necessitates its adoption.

Late in 1914, in compliance with an invitation from the International
Engineering Congress of the San Francisco Exposition, the author pre-
pared a paper entitled ““Alloy Steels in Bridgework’; and as that paper
aims to cover concisely in a general manner the whole ground of the
subject, it is herewith reproduced as follows almest in its entirety, omit-
ting only the opening paragraphs. For the convenience of the reader,
the system of numbering the figures and the tables has been changed
to agree with that in the other chapters:

“It was but a dozen years ago that the alloy, nickel steel, began to be
talked of seriously for bridge building. Before the days of medium steel,
however, a few large bridges were constructed of special steels, notably
in America, the Eads Bridge of St. Louis, Mo., and the Chicago and Alton
Railway bridge at Glasgow, Mo. The latter was of Hay steel; and
although the author worked for a short time in a subordinate capacity
on the structure, he has forgotten the composition and the characteristics
of the metal, except, perhaps, that it was rather high in carbon. Be this
as it may, the matter is of no special importance; because that make of
steel, as far as the author knows, was never again used in any important
bridge.

“The term ‘manganese steel’ for bridgework is somewhat in the na-
ture of a misnomer, for all bridge steel has to contain a certain amount
of manganese (generally from 0.5 to 0.8 per cent) in order to make it
workable in the mills and otherwise satisfactory; but when a bridge
engineer uses the term, he means a steel very high in manganese, and,
consequently, exceptionally hard. Such a steel or alloy is employed for

57
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rail-locks and for those parts of the operating machinery of movable spans
. where great resistance to both abrasion and shock is the principal
desideratum.

“Chrome steel, an alloy of chromium with steel, the author has heard
of as being used for this purpose, but not at all generally on account of
its high price.

““Chrome-nickel steel has also been employed somewhat for special
castings in bridge machinery, but its principal use is for the manufacture
of aeroplanes, automobiles, transmission lines, and gearing.

“In most cases it is necessary to submit these various alloys to heat
treatment in order to increase materially their hardness, elastic limit,
and ultimate strength. The price for castings or forgings of such alloys
generally varies from 8 to 13 cents per pound, according to the amount
of shop-tooling required. Such prices, of course, are prohibitory for
bridgework, excepting only for small but important parts of operating
machinery and for details requiring great resistance to abrasion.

“Some manufacturers claim to be able to produce alloy steels having

elastic limits as high as 250,000 Ibs. per square inch; but it is imprac-
ticable to shop-tool them when the elastic limit exceeds 150,000 lbs., or
when the ultimate strength is greater than 200,000 Ibs. Such metal might
possibly be required for bridge pins and their bearings in order to meet
certain extreme conditions; but the probability of such requirement is
exceedingly remote. Moreover, bridge engineers, as a rule, are loath to
concentrate great stresses on members of very small cross-section because
of the proportionately great effect thereon of any undiscovered small
cracks or flaws which may exist in the metal.
“While nickel steel was talked of for bridgework in both Europe and
- America prior to 1902, it was not employed therefor. In that year and
in 1903 the well-known consulting engineer and bridge specialist, Mr.
Gustav Lindenthal, started some experiments upon the use of nickel
steel for the eye-bars of the Blackwell’s Island Bridge at New York City,
reporting favorably thereon. Later, after trying hard to avoid its em-
ployment, the city authorities decided to adopt the alloy for the said

eye-bars; and the bridge was constructed accordingly. This was the

first actual use of nickel steel in bridgework.

“In 1903, before the city authorities just mentioned came to their
decision, the author inaugurated an exhaustive series of experiments and
investigations upon the subject of the suitability of nickel steel for bridge
building in general and its economics therein. In spite of many trials
and tribulations, and in the face of strong opposition and great discour-
agement, he succeeded, after more than three years, in completing most

of the work which, at the beginning of his undertaking, he had laid out to

do; and it required some three months more to digest the results and to
prepare a report for his principals, who were the International Nickel
Company. That corporation financed the entire undertaking, spending
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altogether upon it nearly $50,000.00. As soon as the report was com-
pleted, the author devoted several months to the preparation of a monp-
graph upon the subject, and presented it to the American Society of Civil
Engineers. After taking considerable time for deliberation, the Publi-
cation Committee of that Society rejected the paper without giving any
reason therefor. Fellow members of the Society especially interested
in bridgework urged a reconsideration of the matter—which ¢aused the
Committee to reverse its original decision, provided that the author would
agree to cut down materially the volume of the original memoir. The
reduction was accomplished by omitting some of the records of tests and
all the diagrams and text relating to the economic study of bridges built
wholly of nickel steel, retaining only those concerning structures built of
mixed nickel steel and carbon steel. The original (rejected) memoir con-
taining all records and diagrams is on file in the Society’s library, where
it can be consulted by any one interested in this subject. The paper in
due time appeared in the Society’s ‘Proceedings’ and was discussed by
thirty or more engineers, both American and’ European; and finally it
was published with the discussions in the 1909 ‘Transactions’ of the
American Society of Civil Engineers. Later the author of the memoir
was awarded the Norman medal, because of its being the best paper
presented in that year.

“The entire investigation proved (at least to the author’s satisfaction
as well as to that of a large majority of the engineers who entered into
the discussion) that nickel steel is in every way a suitable metal for the
manufacture of bridge superstructures, being just as reliable as carbon
steel and from 50 to 70 per cent stronger. The correctness of this state-
ment is proved by the fact that the alloy was used later not only in the
Blackwell’s Island Bridge before referred to, but also in the Manhattan
Suspension Bridge at New York and in the Free Bridge at St. Louis.
The last-mentioned structure was designed and engineered by Henry
W. Hodge, Esq., one of America’s most noted bridge specialists. Again,
the new Quebec Bridge, which will contain the longest span in the world,
viz., 1,800 feet, is being partially constructed of nickel steel.

“The author found by his experiments and investigations that it is
perfectly feasible to produce commercially an eminently satisfactory
nickel steel for bridgework, having a minimum elastic limit of 60,000 lbs.
per square inch, & minimum ultimate tensile strength exceeding 100,000
Ibs. per square inch, and an elongation in eight inches of fifteen (15)
per cent. The actual extra cost per pound for this metal, delivered at
bridge site, as compared with ordinary carbon bridge steel, he figured
should not be more than 1.5 cents. Unfortunately, however, the steel
makers and bridge manufacturers, being opposed, naturally, for pecuniary
reasons, to fundamental innovations in their business, have not responded
to the call of the bridge engineers for a nickel steel of great strength at a
moderate price, preferring to continue without interruption the produc-
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tion and manufacture into bridges of the cheaper carbon steel to which
they are accustomed. For years they have made a practice of refusing
to guarantee for nickel steel an elastic limit of more than 50,000 Ilbs.
per square inch; and they have asked therefor an excess pound price of
from 1.5 to 2.0 cents. Mr. Hodge paid 1.65 cents per pound extra for
his nickel steel in the St. Louis Bridge; and the price named for the alloy
in the new Quebec Bridge was so high that it was found economical to
use it only for the truss members of the suspended span and the canti-
lever arms. It is true that by adopting carbon steel instead of nickel
steel for the anchor arms of a cantilever bridge, the weight of those arms
is increased, and, in consequence, the stresses on the anchorage metal
and the uplifts on the anchor piers are reduced, but these results could
probably be obtained more economically in some other manner—for
instance, by adopting a ballasted floor for the tracks on the anchor
arms only.

“In the case of his proposed bridge across the entrance channel to
the harbor of Havana, Cuba,* the author, by great effort, succeeded in
persuading the Carnegic Steel Company and the American Bridge Com-
pany to agree to furnish him with nickel steel having an elastic limit of
55,000 lbs.; but the extra pound price demanded for the manufactured
metal was 2.5 cents. With these figures it was an exact stand-off
between nickel steel and carbon steel for both the suspended span and
the main structure as a whole; but as the said suspended span will
have to be built on barges, floated to site, and raised by wire ropes to
final position, the author concluded to adopt the alloy for that portion
of the superstructure. He found also that it would involve a trifling
economy to use it in the cantilever arms, but not in the anchor arms;
hence he has decided to follow the same course as the designers of the
new Quebec Bridge did in relation to their great structure.

“The compositions of the various classes of nickel steel for bridge-
work recommended by the author, in view of the results of his experi-
ments, were as given in the following table:

TABLE 4a

ComprosITIONS OF THE VARIOUs CLAssEs oF NICKEL STEEL FOR BRIDGEs

| PERCENTAGES

Ingredients i—- |
Rivet Stecl J P’late-and-Shape Steel ! Eye-bar Steel
Nickel.......... | 3.50 (3.25103.75) | 3.50 (3.25103.75) | 4 25 (4.0 to 4.5)
Carbon......... 0.15(0.12t0 0.18) | 0.38 (0.34 10 0.42) | 0.45 (0.4 t0 0.5)
Phosphorus. . . .. 0.03 Max. 0.03 Max. 0.03 Max.
Sulphur. . ...... 0.04 Max. 0.04 Max. 0.04 Max.
Silicon. . ....... 0.04 Max. 0.04 Max. 0.04 Max

Manganese. . .. . . 0.60 (0.55 toO.(‘):')): 0.70 (0.65 to 0.75) | 0.80 (0.75 to 0.85)

* Sce Fig. 52a for photograph of proposed structure.
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“The rivet steel specified is as high in carbon as it is practicable to go,
in view of the fact that rivets must not be too hard to cut out when badly
driven.

“The carbon percentage in the plate-and-shape steel is as high as will
permit of the metal being worked satisfactorily in the shops.

“The percentage of nickel in both the rivet steel and the plate-and-
shape steel is as high as considerations of both economy and workability
allow.

““As the phosphorus, sulphur, and silicon are in the nature of impuri-
ties, their percentages are kept as low as is consistent with economy in
smelting; because it is expensive to reduce the said impurities below
the figures shown—in fact, even these have raised objections among some
steel makers.

“In eye-bar steel it is permissible to make the metal harder than in
plate-and-shape steel, because the shop tooling on eye-bars is small in
amount and of simple characeer; hence the percentages of both nickel
and carbon, adopted above therefor, are quite high. The extreme limit
specified for the nickel, viz., 4.5 per cent, causes the alloy to approach
the brittle zone, which begins at some yet undetermined figure between
425 and 5 per cent and ends at 20 per cent. This brittle zone was
discovered by three English metallurgists, Messrs. Carpenter, Hadfield,
and Longmuir, and was described by them in November, 1905, in a paper
read before the Institute of Mechanical Engineers of England. It is
claimed, however, by some American experimenters that the use of more
than five (5) per cent of nickel does not of necéssity make the steel
brittle; hence it is likely that the percentage of carbon has some influ-
ence on the brittle zone of alloy steels containing more than the said
five (5) per cent of nickel. Be this as it may, though, an engineer should
test carefully for brittleness his eye-bar steel, if he employs in its manu-
facture nickel in any greater percentage than 4.25.

‘“ As shown in the preceding table, the amount of manganese in nickel
steel is graded to meet the requirements of both strength and hardness.
It varies from 0.6 to 0.8 per cent.

“In the memoir, ‘Nickel Steel for Bridges,’ are given twelve diagrams
of weights of metal per lineal foot of span, covering all lengths from 20
feet for plate girders up to 1,800 feet for cantilever main openings. In
Figs. 4a and 4b of this memoir are reproduced two of the most interest-
ing and useful of those diagrams covering double-track, through, pin-
connected, Petit truss spans and double-track, through, pin-connected,
cantilever bridges of Type A (see Fig. 55aaa). The weights given are
for structures built both wholly and partially of v:iex " steel, and for those
composed entirely of carbon steel.

“Following the twelve weight records in that memoir come some fifty
economic diagrams, which show for all span lengths up to the before-
mentioned limit for both riveted and pin-connected structures, for all
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“Tigs. 4¢, 4d, 4¢, and 4f, chosen at random, are specimens of the said
fiftty economic diagrams, the first pair being for double-track, through
riveted, Pratt truss spans, with the price of carbon steel erected at 4
and 4.5 cents per pound, respectively; and the second pair for double-
track, through, pin-connected, cantilever bridges of the most usual type,
with the price of carbon steel erected at 4.5 and 5 cents per pound,
respectively. These prices for carbon steel erected are about the average

ones that govern today in various portions of the United States.
) “Fig. 4¢ is an important and interesting diagram. It shows the prob-
able weights of metal per lineal foot of superstructure for very-long-span,
double-track-railway, cantilever bridges built of carbon steel and of nickel
steel (or of mixed nickel and carbon steels). It indicates also the extreme
practicable limit of length of main opening for such bridges for each kind
of steel. This limit is a matter of judgment, being determined by the
greatest weight of metal per lineal foot of span which it would be advis-
able to use for the structure under consideration. From the diagram it
will be seen that if 1,800 feet be assumed as the present practicable limit
of span-length for carbon steel bridges, the corresponding limit for nickel
steel bridges will be about 2,300 feet; or, if it be assumed at 2,000 feet,
the corresponding limit for nickel-steel construction will be 2,600 feet. It
is safe, therefore, to conclude that the adoption of nickel steel for bridges
would lengthen the practicable span length for cantilevers fully 500 feet.

“In concluding his paper on ‘Nickel Steel for Bridges’ the author
wrote as follows:

“‘Summarizing the results of this entire investigation, it is evident
that nickel steel is in every way fitted for bridge construction, in that it
is strong, tough, workable, and reliable; moreover, its adoption would
effect a decided economy. This economy would increase in the future
as the cost of nickel decreases and as the shops become more accustomed
to the fabrication of the new alloy.’

“The preceding was written in 1907, and the predications made have
been only partially realized; for while, as before indicated, several large
bridges have been built of nickel steel, the manufacturers have not been
willing to quote reasonable prices for the alloy. If there were any one
available upon whom to unload rejections, as there is in the case of carbon
bridge steel, the steel makers would quite willingly quote more reasonable
figures for nickel steel; but the constant dread of being left with a large lot
of unsalable alloy steel on their hands militates against their so doing.
It is only by having engincers create a large demand for the alloy, thus
initiating competition in its production, that a reasonable pound price
for it can be established. In confirmation of this statement is the fact
that when Mr. Hodge called for bids on nickel steel for his great St. Louis
Free Bridge, he received and aceepted a tender of an excess pound price
of 1.65 cents, which is not far from the 1.5-cent limit set by the author
in his memoir.
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8. 4c and 4d. Comparative Costs of Double-track, Through, Riveted, Pratt-truss
Spans of Carbon Steel and Mixed Nickel and Curbon Steels,
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“It is claimed by several recognized authorities that it is practicable
to produce good and perfectly satisfactory nickel steel by putting ferro-
nickel into the charge instead of the metallic nickel, thus avoiding all
the expense of refining. This would reduce by two-thirds the cost of the
nickel content in the alloy; and as that content is the main causec of the
high price of nickel stecl, it is evident that the employment of ferro-nickel
in the smelting would make the cost of the product so reasonable that in
a few years it would supplant carbon steel entirely, even for bridges of
the shortest spans. Nickel producers used to claim that it is absolutely
necessary to employ pure nickel in the smelting, for the reason that ferro-
nickel usually contains quite a percentage of copper—a substance totally
destructive to steel; but, on the other hand, those who are in shape to
put ferro-nickel on the market (and some others also) maintain that the
copper and all the other injurious substances contained in the ferro-nickel
can readily and cheaply be worked out during the processes of smelting
and rolling. Moreover, copper is no longer the bugbear to steel makers
that it was a few years ago; for it is now practicable to manufacture
good, workable steel containing three (3) per cent of that clement. De-
cidedly, it is of the utmost importance to both the engineering profession
and the business world to determine without delay and beyond the per-
adventure of a doubt whether it is feasible to use, on a commercial scale,
ferro-nickel in the manufacture of nickel steel.

“There is a fact concerning nickel steel known to the profession, but
which, as far as the author can learn, had not until a very short time
ago been stated in print, viz., that the Pennsylvania Steel Company
has obtained control of an iron deposit containing a small percentage
of nickel, and is, consequently, able to place upon the market a low-
grade nickel steel at a reasonable excess cost above that of carbon
steel. This steel has been denominated by its makers ‘Mayarf Steel.’
It is a natural alloy of nickel-chromium steel, containing from 19} to
1.59% of nickel and from 0.29; to 0.75%, of chromium, with sulphur
below .049}, phosphorus below .039,, and manganese as desired. The
carbon range is from .039;, to 1.5, depending upon the application of
. the steel.

“The ore comes from a deposit of some 25,000 acres at Mayarf in
the Province of Oriente on the Island of Cuba. It is estimated that there
are 500,000,000 tons of this ore in sight.

“Mayarf steel is made only by the Pennsylvania Steel Company and
the Maryland Steel Company. By a slight modification of the open-
hearth process it is produced without the necessity of adding alloying
elements in the furnace or ladle. Like other nickel steels it offers greater
resistance to corrosion than do the ordinary carbon steels.

“Desiring to obtain for the preparation of this memoir some authentic
information concerning the new alloy, the author wrote to the Pennsyl-
vania Steel Company asking certain questions about it, and received in
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reply a letter from J. V. W. Reynders, Esq., C. E., the Vice-President of
the Company, from which the following is an extract:

“‘Our principal experience on Mayar! steel in bridgework has been in connection
with the manufacture and fabrication of the large bridge which is to span the Mississippi
River at Memphis. So much steel has now been made for this contract that we have
accurate information on the properties which we can develop.

“‘On this bridge alternate quotations on carbon and alloy steel designs were sub-

mitted, the specifications for the alloy steel, outside of rivet and eye-bar steel, being as
follows:

Tensile strength. . ............... 85,000— 100,000 lbs. per sq. in.
Elastic limit, not less than........ 50,000 lbs. per sq. in.
Elongation in 8 inches not less than l-’—ﬁ?g)—o—o
Reduction of ares, not less than. .. 30.09%

““The manganese in the steel was limited to .809%, silicon to .15, carbon to .40%,
and a minimum of 1.209, nickel was required, but the individual bidder was allowed
to sclect his own analysis except as it might be limited by these general figures. No
limits were given for chromium or vanadium.

“‘We quoted on the basis of using a steel made from the Mayarf orc which we import
from our mines on the north coast of Cuba, and on this basis the contract was awarded us.

‘A8 you doubtless know, this Mayuarf ore lics just under a thin top soil in a com-
paratively thin bed of great area. The ore contains naturally a large amount of mois-
ture, a part of which is in the combined form. It has been our practice before shipping
this ore to the United States to run it through rotary nodulizing kilns, which
agglomerate the fine ore and drive out the moisture. The nodulized product carries
about 577 of iron. :

*‘By a selection of the ore, stecl can be produced with a uniform nickel content, which
may be varied at will between quite wide limits. It has been found, however, that a
content of approximately 1.409%, is sufficiently high for bridge steel for most purposes.
The steel is normally produced with only the usual additions in the open-hearth furnace,
although occasionally a small amount of chromium is addel.

‘ “The following are typical tests of large-size angles, varying from 8’ X 6"’ X 1" up to
8" X su-x l%”:

TABLE 4b
Tests oF LARGE S1zE ANGLEs oF MAYARf STEEL
T.8 E.L [, Blorg | Reduc | ° ¢ Mn Ni. cr
Ibs. Ibs. % % %o Co e %
95,580 04,700 16.8 45.5 .36 .62 1.27 .36
91,400 60,130 19.5 4 4 .32 .68 1.45 .44
95,440 62,300 18.0 46.7 .34 .75 1.51 .38
94,400 54,300 17.0 50.4 .35 .71 1.48 .43
93,240 55,300 21.5 51.3 .34 .75 1.37 .43
96,740 60,540 16.3 43.3 .32 .75 1.49 .40
98,420 61,060 17.0 48.9 .37 .7 1.31 .42
91,700 y 19.0 56.3 .31 .68 1.45 .44
94,180 58,130 20.5 51.5 .30 i 1.48 .47

““The following tests are on plates, both universal and shcared. In many cases
you will note tnat the thickness is extrcme.
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. TABLE 4c¢
TesTs OF PLATES OF MAYARf STEEL

Thickness | T.S. | E.L e amk | Btk 170l | g Ni. Cr.
ins. Ibs. lbs. | % % % | % o %
15 | 99,600 | 64,660 | 17.5 41.9 .29 7 1.36 31
11{ | 94,300 | 62,270 15.0 33.6 i .28 .75 1.41 | .37
1 | 98,820 | 63,080 | 17.0 | 34.7 | .28 72 1.49 .49
% | 90,040 | 55,270 21.0 45.5 ‘ .28 .67 1.57 | .3
115 | 91,550 | 62,210 | 18.5 | 46.8 30 | .66 1.41 .40
37 | 94,000 | 56,030 | 18.5 | 47.1 27 | .61 1.42 .33
135 | 90,300 | 57,540 19.0 53.6 | .29 .71 1.53 .39

¢“‘The phosphorus in all these heats will average less than .02% and the sulphur
averages about .03%, the specified limit for each being .049, with an allowance of
259, thereof for check analysis of the finished material.

““‘In the specifications changes in the elongation and reduction of area are allowed
for steel running over 1 inch thick.

‘“‘Below are given the specifications for full size eye-bars and the results of a test
on a sample 14" X 1-23/32" bar:

Required Obtained
Tensile strength. . ...................... 80,000 lbs. min. 88,200 Ibs.
Elastic limit. .......................... 47,000 lbs. min. 51,700 lbs.
Elong. in20"...........ccoiiiiiiiins 10% 12.7%,
Reduc.ofarea.................ccnntn .. 42.0%

‘It has been our experience that this alloy steel works quite as well in the shops
as any other steel with which we are familiar, making due allowance, of course, for the
increased toughness. We find that it is easier to work than 3149, nickel steel.

“‘It is difficult to give an exact extra which we would charge for rolled sections
or plates of Mayari steel over the market price of similar sections of carbon steel.
We do not cxpect however that it will be necessary at any time to charge an
extra of more than one cent per pound. The excess pricc for manufactured bridges
depends on so many circumstances that it is almost impossible to give any figure.
It will vary greatly, of course, as the relative proportions of carbon and Mayarf steels
in the finished bridge are varied. )

“‘With regard to quantity, we expect shortly to be in a position to produce from
18,000 to 20,000 tons per month of Mayari steel shapes, if necessary; but, even for the
present, it is safe to say that we can meet any reasonable demand.’

“Judging from Mr. Reynders’ approximate quotation for the rolled
metal and from previous experience with nickel steel, the author con-
cludes that the finished metal work is likely to cost as much as one and
a half cents per pound in excess of the market price of the corresponding
carbon steel work. This is just what he first estimated would be the lim-
iting excess pound price of nickel steel having an elastic limit of 60,000
Ibs., when the excess price of the rolled material was one cent per pound.

“The large-scale curves from which were prepared the cost diagrams
of the paper on ‘The Possibilities in Bridge Construction by the Use of
High Alloy Steels,’ hereinafter referred to at length, afford a means of
determining the economics of Mayar{ steel for bridges as compared with
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nickel steels of 55,000 lbs. and 60,000 lbs. elastic limit. From them are
found the following:

“ 500’ SIMPLE TRuUSs SPANS

“Mayarf steel bridges at 1.5¢ per lb. excess over carbon steel are
equal in cost to nickel steel bridges for E = 55,000 lbs. at an excess of
1.9¢ per lb,, and to nickel steel bridges for E = 60,000 lbs. at an excess
of 2.25¢ per Ib. With Mayarf steel at 1.0¢ per lb. excess over carbon
steel, the corresponding figures are, respectively, 1.35¢ and 1.7¢. For
equal costs of bridges, as compared with carbon steel, Mayarf steel could
stand an excess pound price of 2.1¢ for the manufactured superstructure.

1000’ StvPLE TRuss Spans

“With Mayarf steel at 1.5¢ per lb. excess, the excess for nickel steel of
E = 55,000 lbs. is 2.25¢ per Ib. and that for nickel steel of E = 60,000
lbs. is 3.0¢ per Ib. With Mayar{ steel at 1.0¢ per lb. excess over carbon
steel, the corresponding figures are, respectively, 1.7¢ and 2.4¢ per Ib.
For equal costs of bridges, as compared with carbon steel, Mayarf steel
could stand an excess pound price of 3.75¢ for the manufactured super-
structure.

“ CANTILEVER BRIDGES WITH OPENINGS

FroM 1,000’ To 2,000/

“Mayarf steel bridges at 1.5¢ per lb. excess over carbon steel are
equal in cost to nickel steel bridges for E = 55,000 lbs. at an excess of
2.3¢ per lb. and to nickel steel bridges for E = 60,000 lbs. at an excess
of 3.1¢ per Ib. With Mayarf steel at an excess of 1¢ per lb., the corre-
sponding excesses for the other steels would be, respectively, 1.7¢ and
2.5¢ per Ib. For equal costs of bridges, as compared with carbon steel,
Mayarf steel could stand an excess pound price of 1.85¢.

“From the preceding it is evident that Mayarf steel has carbon steel
beaten for bridgework under all conditions, but that if it costs when
manufactured 1.5¢ per pound more than that metal, it will not be as
economic as either of the grades of nickel bridge steel which can be pro-
duced commercially today. If, however, the manufacturers of Mayarf
steel and of structures made therefrom can bring the price of their fin-
ished metal work down to an excess of one cent per pound as compared
with carbon steel, their product will have somewhat more than a fighting
chance in the competition. Nevertheless it will always have one serious
obstacle to contend against, viz., the irregularity of the composition and
characteristics of the finished product. This is shown very clearly in
Mr. Reynders’ letter; for in his shape-steel tests the elastic limit varies
from 54,300 to 64,700 pounds per square inch, the ultimate strength from



72 BRIDGE ENGINEERING CHaPTER IV

91,400 to 98,420 pounds per square inch, the nickel content from 1.27
to 1.51 per cent, and the chromium content from 0.36 to 0.47 per cent.
In the plate tests the corresponding variations were, respectively, from
55,270 to 64,600 pounds per square inch, from 90,040 to 99,600 pounds per
square inch, from 1.36 to 1.57 per cent, and from 0.31 to 0.49 per cent.
Considering that the raw material receives very little preparation for
smelting, the preceding showing is by no means bad, especially since the
records given indicate that no special difficulty has been experienced in
complying with the specifications. On the other hand, though, the serious
disadvantage under which the alloy labors is strikingly made evident by
averaging the elastic limits given in the specimen tests; because the mean
of all the figures is 59,655 lbs., while the requirement was only 50,000 lbs.
It is possible that experience in the production of the alloy will result in
greater regularity and less cost. If such prove to be the case, Mayarf
steel is likely to supplant entirely the other alloy bridge steels at present
obtainable; but it is far from being the ideal alloy for long-span bridge
construction. Even if the inherent irregularity he made truly non-in-
jurious to the metal by always keeping its characteristics well above the
specified requirements, there will (for many years, at least) exist in the
minds of purchasers the latent doubt of the:steel’s reliability and the
dread that, without warning, the elastic limit and the ultimate strength
may drop dangerously below the minima called for in the specifications.

“For a long time to come, and perhaps always, it will probably be
necessary to test Mayarf steel much more thoroughly than carbon steel
in order to prevent the utilization of any inferior melt or rolling in the
manufacture of bridge superstructures.

“In the development of Mayar{ steel for bridgework credit is due
to Ralph Modjeski, Esq., C. E., the Consulting Engineer on the new
Memphis Bridge, the first large structure in which that alloy is to
be used.

“During a stay of some six weeks in France in 1909, the author learned
that certain metal manufacturers in that country were making, in melts
of five tons or less, by the electro-metallurgical process a purified steel
for which they claimed rather astonishing results in respect to high elastic
limit, great ultimate strength, and general suitability for the manufacture
of bridges; although, as far as the author could ascertain, no such strue-
tures up to that time had been built of the new product. It was not
convenient for him then to obtain and test specimens of the steel, as he
greatly desired to do; hence he had to content himself with second-hand
information obtained by both interviews-and correspondence. The re-
sults of these convinced him that the claims made might, at least par-
tially, be justified by performance; thereupon, having some spare time,
he prepared an economic study of the possibilities for utilizing such puri-
fied steel in bridges. In his ealculations he employed French units, prices,
and other conditions, publishing the results in French in a memoir for
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Le Génie Civil under the title, ‘ Ktude Economique de I Emploi de ' Acier
au Carbone d Grande Résistance pour la Construction des Ponts.’

“The French metallurgists, steel manufacturers, and bridge engineers
. to whom the author applied for information were all most kind and cour-
teous in furnishing it, enabling him to collect quickly all the general data
needed. Just here the author claims the privilege of expressing publicly
his high appreciation of the exceeding kindliness and courtesy which
French engineers and French scientists make a practice of showing toward
their professional brethren from the United States. Nothing scems to
give them too much trouble in their endeavor to oblige; and they are ever
ready to devote hours of their valuable time to discussing the similarities
and differences between French and American conditions, practice, and
customs in all matters of a technical nature.

“The excess cost of the French purified stcel, as compared with the
ordinary carbon bridge steel of that country, appeared to be about nine-
tenths of a cent per pound for the manufactured superstructure. The
investigation showed the economics for its employment in bridge build-
ing for the mean and the extreme conditions of the French metal market,
and for a number of assumed elastic limits, varying from 30 to 45 kg.
per sq. mm., the value for the usual carbon bridge-steel in France being
24 and that for the author’s specified nickel steel 42.5 kg. per sq. mm.
The outcome of the investigation was that there was found no advantage
whatsoever for the 30 kg. elastic limit; none for short spans, but a small
one for long spans with a 35 kg. elastic limit; a decided saving for all
cases with a 40 kg. limit; and a wonderful economy for the 45 kg. limit,
the highest claimed by any of the French manufacturers.

“Figs. 4h, 47, 4j, and 4k are taken from the issue of Le Génie Civil
dated August 7, 1909. They show for carbon steel, the author’s speci-
fied nickel stecl, and the purified steels having assumed elastic limits of
30, 35, 40, and 45 kg. per sq. mm., respectively, the weights of metal in
kilogrammes per lineal meter for simple-span bridges, ditto for cantilevers,
the costs in francs per lineal metre of span of the steel erected in simple-
span bridges, and the same in cantilever bridges of the most usual type.
In Figs. 4j and 4k the assumed condition of the carbon stcel market was
that which existed in France at the time the investigation was made.
Most fortunately, it was also the exact mean of the two extreme conditions.

“It was the author’s hope that the publication of his paper would
give an impetus in France (and perhaps elsewhere also) to the manu-
facture of bridges of purified steel, but the hope has proved to be a vain
one; for, up to the present, he has not heard of any such development.
It is probable that the metallurgists and the bridge manufacturers of
France are no more eager to adopt drastic innovations in their practice
than are their brethren in the United States. If nothing ever comes of that
investigation, and if purified steel is never used directly for bridge build-
ing, it is'within the realm of possibility that the ideal future alloy of steel
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for bridges will be made by first purifying carbon steel, either by the
electro-metallurgical process or by some other method, before the alloy-
ing element is added to the molten mass, in which case the trouble
that the author went to in preparing the paper just described would not
be wholly wasted.

“Desiring to obtain for the preparation of this paper some authentic
information concerning the status of the manufacture of purified steel,
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the author consulted the United States Steel Corporation on the subject;
and in reply to his letter received a communieation from W. R. Walker,
8., the Assistant to the President of the company, dated April 28,
1914, from which the following extract is quoted:

“‘Although the eleetrie steel process is a comparatively new one, being only ten ycars
old, nevertheless there are in operation about. 130 cleetrie furnaces in this country and
Europe which are making high-grade steel commereiallv.  This steel has proven to be of
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excellent quality that it is rapidly displacing crucible steel, which is generally
idered the standard of excellence. It is also bcing used in seamless tubes, wire,
8, ship angles, rails, thin armor plate, and especially tools.

‘In 1909 the Steel Corporation began the operation of a 13-ton electric furnace at
jouth Chicago plant of the Illinois Steel Company, and in 1910 began the operation
gmilar furnace at the Worcester Works of the American Steel and Wire Company.
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installations were, at the time, experimental to the extent that it was not known if
uld make the heavier products, such as rails, commereially. We have made about
) tons of rails which are now in track. A number of years are required to test
1e value of rails; but, up to this time, none of our electric steel rails have broken
vice—even those located in the far Northwest during the very severe winter
2.

Although the electric furnace at Worcester hus not been in operation for some
due to commercial reasons, the furnace at South Chicago has operated almost
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continuously ever since its installation, and is now employed in making alloy steels, such
a8 nickel-chrome, chrome-vanadium, high silicon steels, ete.

“‘From these facts I think you can safely conclude that electric steel is no longer
an experiment and that its quality is equal to the best made by any other process.’

“Late in 1913, not being satisfied with the progress then being made
in the use of special steels of high elastic limit for long-span bridges, the
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author prepared for the American Society of Civil Engineers a paper en-
titled ‘The Possibilities in Bridge Construction by the Use of High Alloy
Steels.” It was printed in the Society’s Proceedings early in 1914, and
has since been discussed by some sixteen engineers of the United States,
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Europe, and other parts of the world, and is now about to be published
in the Society’s Transactions.

“As might be anticipated from the title of the memoir, its object is
to determine, for the usual types of bridges and for all practicable span
lengths, the weights of metal per lineal foot of structure that would be
required when using alloy steels of varying elastic limits, and the economics
involved by their employment. Incidentally, there would be found the
extreme practicable limits of span-length for cantilever bridges constructed
for the greater part of such materials.

“The elastic limits assumed varied by 10,000 lbs., starting with 50,000
Ibs. and ending with 100,000 Ibs. Fig. 4! gives the weights of metal per
lineal foot of span for double-track, simple-span bridges, and Fig. 4m
records those for double-track, cantilever bridges. In the text of the
memoir are given directions for finding the corresponding weights for sim-
ilar bridges having more than two tracks and for those carrying other
live loads than the ones assumed in the investigation.

“From Fig. 4l it is evident that in simple-span structures there is an
immense saving in weight of metal by using alloy steel instead of carbon
steel, also that the rate of saving diminishes gradually as the elastic limit
of the metal increases.

“In Fig. 4m the saving of material by employing alloy steels, while
not quite so striking as in the case of Fig. 41, is still most apparent.

“If, as can be seen by Fig. 4m to be logical, it be assumed that a limit
of 36,000 lbs. of metal per lineal foot of span is as high as it is either eco-
nomical or practicable to go in the building of double-track, railway,
cantilever bridges, the corresponding limiting lengths of main openings
will be approximately as follows:

For carbon steel, E = 350001bs.................. 2030 feet
¢ steel in which E = 50,000 “ .................. 2340 “
@ u “ E= 60000 “ ......ocvvvvuinn.. 2590
€ e KR = 70,000 ¢ 2780 ¢
“ o« “ E= 80,000 “.....coivninunnnn. 2010 “
“ oo “ E= 90000 “.................. 3030 ¢
“ o « “ E=100,000 “ .................. 3140 «

“¥From the appearance of the curves at their superior ends one may
draw the conclusion that, in the case of the very-high-alloy steels, the
limit of weight of metal per lineal foot of span can legitimately be raised
beyond the previously assumed 36,000 Ibs. The more nearly these curves
approach the vertical the more uneconomical would it be to extend the
limit beyond the said 36,000 lbs. per lineal foot.

“In studying the economics of the various alloy steels, the present
ruling pound prices for carbon steel bridges erected were assumed to be
4.5 cents for simple spans and 5 cents for cantilevers.

“Fig. 4n is a specimen of the economic diagrams for simple-truss
bridges. It shows that, even with an excess pound price of 4.5 cents
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for the fabricated alloy metal, there is a saving over carbon steel when
the elastic limit of the alloy is 80,000 lbs. per square inch. Fig. 40, which
is for cantilevers and for an elastic limit of 80,000 lbs. per square inch,
shows that the same conclusion holds as that just drawn for simple-truss
spans,

“In concluding the memoir the author says it is evident that his
results clearly prove that a systematic series of experiments made in
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Fia. 4n. Comparative Costs of Double-track, Simple-span, Railway Bridges of Carbon
Steel and Mixed Alloy and Carbon Steels for E = 80,000 Ibs.

search of a suitable and satisfactory alloy stcel for building long-span
bridges would be well worth while. He indicates that he is of the opinion
that the first step to take in such an investigation would be to experiment
on “purified” steel 8o as to bring it to its maximum of effectiveness, then
to try adding nickel in various quantitics, and afterward nickel with
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other but cheaper substances. He recognizes that augmenting the car-
bon in the purified steel, while increasing both its ultimate strength and
its elastic limit, would tend to harden the metal, but anticipates that
the addition of nickel (and possibly other elements) would tend to reduce
the brittleness and render it workable.

“The final paragraph of his paper rcads as follows:

“‘The problem of finding a high, cheap alloy of steel, suitable in
every particular for bridges, is now before the metallurgists and the
builders of large metallic structures; and the values of all the results
probably attainable are clearly indicated in this paper; hence the onus
is on the engineering profession to see that the necessary experiments
are arranged for and thoroughly carried out, in order that the world may
have at its command a new metal that will permit of the spanning of
waterways which are so wide and so deep, or are so restricted by navi-
gation requirements, as at present to defy the art of the bridge engineer.’

“In the sixteen discussions of the paper there were advanced two
pertinent suggestions concerning how to find the desired alloy. One was
to use about three (3) per cent of aluminum as the principal alloy element,
the present price thereof being only 20 cents per pound; and it was antic-
ipated that such a combination might produce a satisfactory steel having
an elastic limit of 100,000 Ibs. per sq. in. It was evident from the way
in which the discussion was worded that no experimenting worth men-
tioning had been done on that alloy for the purpose of bridge building;
hence the suggestion must be treated as a wholly tentative one, although
decidedly alluring.

“The other suggestion, made by Geo. L. Norris, Esq., Metallurgical
Engineer of the American Vanadium Company of Pittsburg, was that
either vanadium-carbon steel or vanadium-chromium steel be used as a
high alloy for bridgework. This suggestion was much more directly to
the point than the other; because hoth of the vanadium alloy steels
mentioned have been manufactured for several years, although not for
the purpose of bridge building. Mr. Norris was able to give the chemical
and the physical qualities of the alloys recommended, but, unfortunately,
only by stating very wide limits therefor.

“In answer to a long list of questions concerning the use of vanadmm
in steel, propounded by the author in a letter to the American Vanadium
Company, and incorporated as a part of the résumé of discussions, the
following important information was obtained from Mr. Norris:

“A. Vanadium steel is eminently fitted for the manufacture of eye-
bars. The elastic limit for full-size, chrome-nickel-vanadium bars varied
in the tests from 63,280 lbs. to 80,480 lbs., and the ultimate strength
from 93,000 lbs. to 99,800 lbs., the results depending upon the drawback
or annealing temperature after quenching. The excess cost per pound
of these finished bars after treatment, as compared with ordinary eye-
bars of carbon steel, Mr. Norris indicated would not exceed 3.5 cents.
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“He anticipated that simple carbon-vanadium steel eye-bars would
have E. L. = from 60,000 to 75,000 lbs., and Ult. = from 85,000 to
100,000 lbs.; but it is evident that no experiments have been made on
finished bars of that kind. The excess cost of such eye-bars after anneal-
ing, as compared with ordinary eye-bars of carbon steel, would not be
more than 1.5 cents per pound.

“B. It was not quite so evident from the discussion that vanadium
steel is as suitable for built members of bridges as it is for eye-bars, but
it seems probable that it would be found satisfactory.

“Mr. Norris states that his chrome-vanadium steel will be workable
under shop manipulations.

“C. It appears from Mr. Norris’s remarks that heat-treated vanadium
steel can be manufactured into built members of bridges without losing
the great effect of the treatment, but it would probably be better to drill
the rivet holes solid than to subpunch and ream them. Mr. Norris did
not answer the question whether vanadium steel can be bent cold without
injury; hence one may surmise that it cannot. However, this would
not militate greatly against its use in bridge work, because in long-span
structures (the only kind now under consideration) there should be very
little, if any, metal to be bent.

“D. In respect to rivets, Mr. Norris advises, for chrome-vanadium
steel, E. L. = 50,000 to 65,000 Ibs., and Ult. = 70,000 to 90,000 lbs.;
and for simple carbon-vanadium steel E. L. = 40,000 to 55,000 lbs., and
Ult. = 65,000 to 83,000 lbs. The author is of the opinion that some
serious difficulty might be encountered in cutting out defective rivets as
high in strength as those first mentioned.

“Concerning rivets for bridges built of high alloy steels, it is a fore-
gone conclusion that the ratio of the strength of the alloy-steel rivets to
that of carbon steel rivets cannot be as great as the corresponding ratio
of strength of plate-and-shape alloy steel to that of plate-and shape car-
bon steel.  On this account, in high-alloy-steel bridges it will be necessary
to use proportionately -either more rivets or greater rivet diameters—or
both.

“E. The amount of chromium recommended by Mr. Norris varies
from 0.6% to 0.9%7 in combination with manganese varying from 0.4,
to 0.6%7, or even to 0.8C%.

“F. Although for a number of years it was thought by the engineer-
ing profession in general that vanadium in steel acts merely as a scavenger,
none of it remaining in the finished product, but all of it passing off with
the slag, Mr. Norris asserts that about 8007 of the vanadium which is added
to the charge remains in the metal. :

“Mr. Norris is positive that the vanadium is very evenly distributed
through the ingot, and that not only is there no danger whatsoever of
its segregation, but also that its presence in the molten metal tends to
prevent the segregation of other substances—notably carbon. This is
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most reassuring and is a strong point in favor of the employment of
vanadium steel for bridge building.

“@. From what Mr.. Norris states, one might anticipate that the
gain by adding nickel to vanadium-carbon steel or to vanadium-chromium -
steel would be either very small or non-existent.

“H. Mr. Norris is quite convinced that the addition of titanium to
vanadium steel would be useless. Perhaps the explanation for this is
that the 209, of the vanadium charge which passes off into the slag acts
as a scavenger, thus obviating the necessity for any further purification
—which office is the sole function of the titanium.

“The author’s assumption from Mr. Norris’s data of E. L.= 60,000 lbs.
for his vanadium-carbon steel and E. L. = 70,000 lbs. for his vanadium-

chromium steel with excess pound prices for the manufactured metals of
2.0 cents and 4.0 cents, respectively, would establish specifications and
prices that the steel makers and bridge manufacturers should have no
special trouble in living up to. It is possible that these assumptions
do not do sufficient justice to the vanadium steels, but the figures had
to be made safe for an investigation of the economics of the two
types of vanadium steel compared with carbon steel and with the
two classes of nickel steel which are procurable today in the United
States for bridgework, viz., that for £ = 50,000 lbs. at an excess pound
price of 2.0 cents and that for E = 55,000 lbs. at an excess pound price
of 2.5 cents.

“Under the preceding conditions the economics of the five steels
considered are shown for simple-truss spans in Fig. 4p and for cantilever
bridges in Fig. 4q.

‘“Referring to Fig. 4p, it is seen that for simple-span bridges, with
the conditions assumed, vanadium-carbon steel shows, for all span-lengths,
a small but material advantage over all the other steels; and that the
vanadium-chromium steel begins to develop an economy over carbon
steel at a span-length of about 500 feet, and over the two nickel steels at
a sgpan-length of about 650 feet.

“Referring to Fig. 4¢, it is seen that for cantilever bridges, under the
conditions assumed, vanadium-carbon steel shows for all span-lengths,
as in the case of simple-truss spans, a small but material advantage over
all the other steels; and that the vanadium-chromium steel begins to
develop an economy over the carbon steel and the two nickel steels when
the main opening has a length of about 1,400 feet.

“The author closes the résumé of the discussions of his paper on ‘The
Possibilities in Bridge Construction by the Use of High-Alloy Steels’ in
these words:

“‘Summarizing the findings of the discussion and the résumé, there
can be drawn the following conclusions:

“‘First. Titanium as a scavenger of carbon steel promises good and
useful results at exceedingly low cost. While it does not increase greatly
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the elastic limit or the ultimate strength of the metal, it makes it much
more uniform and reliable. On that account it should be employed in a
few cases on bridgework; and then, if it be found satisfactory, its adop-
tion should be made obligatory by the railroad companies and the other
builders of carbon steel bridges.

“‘Second. There appears to be a great possibility in the use of alumi-
num as an alloy for bridge steel; but, as far as the author can determine,
very few experiments in aluminum steels have yet been made; hence the
said possibility is more or less hypothetical.

“¢“Third. The possibility of obtaining a good, high alloy steel
for bridges by the use of vanadium appears to be almost a certainty;
but, the highest elastic limit and ultimate strength which can be
obtained upon a commercial basis by the use of that element can-
not be determined without making some elaborate and exhaustive
experiments.’
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“In closing this memoir for the International Engineering Congress,
the author feels that he ought to conclude with an apology to such an
august assembly for the inherent personality of practically its entire sub-
stance—and such an apology is herewith tendered with all due respect.
In extenuation of his transgression, however, he would state that, in re-
lation to the subject of ‘alloy-steels in bridgework,’” he has been so closely
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connected with the matter ever since its inception that he feels justified
in applying to his case the words of the renowned .Eneas,
‘et quorum pars magna fui.’

‘“ ADDENDUM, SEFT. 11, 1915

“Events in the development of alloy steels for bridgework move rap-
idly these days; and as it is probable that those members of the Congress
who are at all interested in the subject of this paper would like to hear
the latest word thereon, the following additional information is presented:

“SILICON STEEL

“There is being used for the main built-members of the trusses of the
C. B. & Q. R. R. bridge, now in process of construction, across the Ohio
River at Metropolis, Ill., an alloy that has been termed ‘silicon steel.’
Its specified composition and characteristics are as follows:

Phosphorus, max. (basic) ........... ... ... .. ... e e, 0.04%
Phosphorus, max. (acid) . .. ... ... . e 0.06%%
Sulphur, max. ... .. e 0.05%
Carbon, MaX. . ... .. e 0.40%
Manganese, MaxX. . . .. ..ottt 1.00%
Silicon, min. . ... ... 0.25¢%;
Ultimate Strength, min. .. ... .. ... . . . ... 80,000 Ibs.
Ultimate Strength, max. ... ... ... . ... . . . 95,000 lbs.
Yield Point, min. . ....... ... .. ... .. . ... e 45,000 Ibs.
Percentage of Elongation in 8 inches = 1,£00,000 + Ultimate Strength
Reduction of Area, min. .. ... .. .. 35
Fracturedesired. . ............ .. . . silky
Cold bend without fracture, .

S4inch thick and under. . ... ... .. .. ... . . .. d =t

3{tollainches thick. .. ... ... . ... ... ... . ... ... o ..., d = 1.5t

Over 1lyinches thick. . ... ... . d =25t

“The excess cost of the rolled silicon steel, as compared with the or-
dinary carbon bridge steel, is one-half cent per pound, and the excess
cost for shop work is about 0.15 cent per pound.

“The author is curious to know what would be the effect on the above
steel if the twenty-five points of silicon were cither omitted altogether or
reduced to a minimum. His surmise is that very little difference would
be noted; for, as stated in Chapter 111, ordinary carbon steel containing
forty points of carbon and about sixty-five points of manganege has a
ultimate strength of 80,000 lbs., which would be increased somewhat by
putting in thirty-five additional points of manganese.

“The high steel for bridges specified by the author nearly two decades
ago in De Pontibus, but never used by him in any of his work, was as
follows:

Phosphorus, max (acid). .. ............ ..., e, 0.07%
Sulphur, MaX. ... e 0.05%
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Sllicom, MAX . . . ... et e, 0.06%,
Manganese, MIAX. . . . ... iitttiit ittt ittt i i e 0.80%
Cltimate Strength, min. .. ... ... .. ... . . . e 70,000 lbs.
Ultimate Strength, max. . . ... ... ... i 80,000 Ibs.
Yield Point, min. . . .. ... .. i e e 40,000 1bs.
Elongationin 8 inches. ......... ... .. ... ... ool from 16 to 209,
Reduetion of area. ....... .. ...ttt from 30 to 389,
Fracture desired . . . ... . ... e silkky

Cold bend without fracture. . .............ccititrriiiiiiieneeeeeennnnns d=2t

“Such bridge metal is not greatly inferior to the silicon alloy just
deseribed; and if the permissible manganese were increased from the
specified 80 to the 100 points permitted in silicon steel, the differences
in resistance characteristics of the two steelswould be somewhat reduced.
Again, the specifications for the silicon steel require all rivet holes to be
drilled from the solid, an old requirement for high carbon bridge steel.

“From what precedes, the author is led to the conclusion that the
‘silicon steel’ of the Metropolis Bridge is merely a slightly improved
form of high carbon steel, notwithstanding the fact that his friend, C.
W. Bryan, Esq., C. E., Chief Engineer of the American Bridge Company,
who furnished him with all of the preceding data that are not given in
Engineering News of July 29, 1915, is of the opinion that silicon steel
suitable for bridgework may be obtained later on with greater elastic
limit than 45,000 Ibs. per square inch.

“From a commercial point of view silicon steel with £ = 45,000, and
at an excess pound price, compared with carbon steel, of one-half cent
for the rolled raw material, is a close competitor of Mayarf steel with
E = 50,000, and at a corresponding excess pound price of one cent. To
prove the correctness of this statement, let us compare the costs of Ma-
varf steel and silicon steel, long-span, simple-truss, double-track bridges,
erected, when the corresponding carbon steel bridges in place are worth
1.5 cents per pound. The weights of metal for an assumed span length
of 750 feet, taken from Fig. 4l, are, respectively, 9,650 Ibs. and 10,350 lbs.
Neglecting, for convenience, the small variation of cost per pound in-
volved in the erection, and assuming, as in the body of the paper, a total
excess of 1.5 cents per lb. delivered at bridge site for the Mayarf steel,
we have the following comparison:

Mayari Steel, 9,650 Ibs. at 6¢ = $579.00
Silicon Steel, 10,350 Ibs. at 5.5¢ = 569.25

$9.75 per lineal foot of span, or about 1.7 per

Difference in favor of Silicon Steel
cent.

“VANADIUM CARBON STEEL
“Since the time when Mr. Norris furnished the information concern-

ing vanadium steel that is contained in the body of this paper, he has
had made two melts of vanadium carbon steel which are of interest to
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bridge engineers, although the metal was intended for other purposes
than bridge building. The results of these tests, which are by no means
conclusive, and which, in their incompleteness, may properly be deemed
somewhat disappointing, nevertheless hold a promise of the eventual
attainment of the desired alloy. But to accomplish this, future tests
must be made systematically and in accordance with a programme based
on a thorough study of the problem by an expert bridge engineer who
has in mind the needs of the advancing art of bridge construction and
the possibilities awaiting it, if a high-elastic-limit alloy-steel can be had.
If such an investigation were made, it might be practicable to discover a
workable and perfectly satisfactory steel alloy of vanadium (and perhaps
other special elements) for the manufacture of bridges. With a report
from a recognized and disinterested authority, the engineering profession
would be quick to see and avail itself of the advantages offered by this
superior bridge metal. The author would be content, if there were ob-
tained an alloy, suitable in every particular for bridge construction, hav-
ing an elastic limit of 80,000 Ibs. per square inch for annealed eye-bars of
the largest size, and one of 70,000 lbs. per square inch for plate-and-shape
steel; but it might be within the realm of possibility to raise the last
figures as much as 5,000 Ibs., especially as solid drilling can now be adopted
instead of subpunching and reaming without adding materially to the cost -
of the shopwork. The author is of the opinion that such results can be
obtained by means of vanadium, but only, as just mentioned, after a
thorough and exhaustive investigation shall have been made by an ex-
pert bridge engineer. Such a person should be allowed ample funds for
all legitimate expenditures involved in the exact determination of the dif-
ferent properties of a number of trial alloys of various compositions.
Only in this way can the economics of the problem be settled. A pica-
yunish policy adopted in the making of any important economic investi-
gation is more than likely to defeat its purpose, and it is absolutely cer-
tain to involve a greater or less falling short of ultimate possible success
in the complete attainment of the desired information.”

After the résumé of the paper on “The Possibilities in Bridge Con-
struction by the Use of High Alloy Steels” had gone to press, there was
received from Dr. J. W. Richards, who for twenty years has been the
Consulting Metallurgist of the Aluminum Company of America, the
following communication:

“The statements of L. J. LeConte concerning the properties of aluminum steel do
not agree with the rather extensive investigations of Sir Robert Hadfield, published
in the Journal of the Iron and Steel Institute for 1890, Vol. I1, page 161. In that paper
and its discussion it was shown that additions of 21{ per cent aluminum to 0.22 carbon
steel had very little effect on the elastic limit or breaking strength, but reduced greatly
the elongation and reduction of area, i.e., it makes the metal more brittle.

“The paper concludes by recommending the advisability of adding not over 0.10 or
0.15 per cent of aluminum to steel, with the object, not of making an alloy, but that
the addition may be consumed in deoxidizing the steel. This is, in fact, the proper
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and valuable function of adding aluminum to steel. Up to 0.1 per cent is added to
Bessemer steel, 0.01 to 0.05 per cent to open-hearth steel, and 0.001 to 0.005 per cent to
crucible or electric furnace steel. This may be called universal practice in the steel
industry, for in practically every large steel works such minute additions of aluminum
are now made, to ensure complete deoxidation and produce sounder castings.”

This adverse opinion from such a high authority as Dr. Richards re-
duces very nearly to zero the chance of finding by the use of aluminum
the desired high-alloy steel for bridgework, notwithstanding the fact that
Mr. LeConte is most enthusiastic in his prognostications concerniug the
success which would attend a thorough series of tests of that alloy, as is
evidenced by a late letter of his to the author.

The following table gives a record of tests, furnished through the
courtesy of Henry W. Hodge, Esq., Consulting Engineer, of the nickel
steel which he used in his St. Louis Free Bridge. At the right of it are
appended the averages for all the elastic limits, ultimate strengths, elonga~
tions, reductions of area, and chemical compositions of the various speci-
mens and full-size bars tested:

TABLE 4d
SpectricaTioNs FOR NICKEL STEEL AND AVERAGE TESTS OF SPECIMENS THEREOF
Character of Attribute Specified Specified by Averag
Test Piece, or lﬁ' Author in of AIF
Ete. Constituent Mr. Hodge Ni. St. for Br. Tests
Unannealed Elastic Lim. 55,000 lbs. 60,000 lbs. 60,250 lbs.
Specimens Ultimate 95,000 lbs. to | 105,000 lbs. to 99,850 lbs.
110,000 lbs. 120,000 lbs.
Elong. in 8” 169 15%, 17.99,
Red. of Area | 259, — 33.3%
Annealed Elastic Lim. 52,000 Ibs — 56,250 Ibs.
Specimens Ultimate 90,000 to —
105,000 lbs. 91,960 lbs,
Elong. in 8" % — 22.69,
Red. of Area 359, —_ 41.89%
Full-size Bars Elastic Lim. 48,000 Ibs g?,;OO ltl? 55,890 1bs.
,750 1bs.
Ultimate 85,000 to 90,000 to 91,020 Ibs.
100,000 lbs 105,000 Ibs.
Red. of Area 35% — 36.2%
Elong. in 18’ 109, 109, (in 10") 14.49,
Chemical Carbon 0.45% max 0.42¢, max. 0.389%,
Composition Phosphorus 0.04%, max 0.03%, max. 0.0129,
Sulphur 0.049, max 0.049%, max. 0.039
Manganese 0.7 9% max 0.75%, max. 0.589,
Nickel 3.259, av 3.509% av. 3.459%,

The preceding table will give a means of comparing the characteristics
of the nickel steel which manufacturers are willing to furnish with those
of the alloy as specified by the author in “Nickel Steel for Bridges.”

In respect to the Elastic Limit (the most important characteristic of
all, in that it determines the intensities of working stresses,) Mr. Hodge
specified 55,000 lbs. per square inch as a minimum for unannealed speci-
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mens, as against the author’s 60,000, while the tests showed an average
of 60,250, with 63,940 as the highest record and 53,580 as the lowest.
In only one case did the elastic limit fall below Mr. Hodge’s minimum
of 55,000 lbs.

In respect to the ultimate strength of unannealed ‘specimens, Mr.
Hodge specified 95,000 1bs. as & minimum and 110,000 lbs. as a maximum,
as against the author’s 105,000 and 120,000 1bs. respectively, while the
tests showed an average of 99,850 lbs., with 109,150 as the highest record
and 91,600 as the lowest. In four cases only did the ultimate strength
fall below Mr. Hodge’s minimum of 95,000 lbs.

In respect to the elongation of test specimens in 8 inches, Mr. Hodge
specified 169, as against the author’s 159, while the tests showed an
average of 17.99, with 249, as the highest record and 109, as the lowest.
In four cases only did the elongation fall below Mr. Hodge’s specified
minimum of 16%, and in one case only below the author’s minimum of
159%,.

In respect to the percentage of carbon, in no case did the quantity
used exceed either the maximum of 0.459, specified by Mr. Hodge or
that of 0.429, specified by the author. The average for all the tests
was 0.38%,—the exact average requirement given in the author’s specifi-
cations.

In respect to the percentage of phosphorus, in no case did the quantity
recorded exceed either Mr. Hodge’s limit of 0.049, or the author’s of
0.03%,, the average being only 0.0129, showing that the steel was well
purified from this most objectionable ingredient.

In respect to the percentage of sulphur, in no case did the quantity
recorded exceed the 0.049 specified by both Mr. Hodge and the author,
the average being 0.03%, indicating that the steel was satlsfactorlly free
from this impurity also.

In respect to the percentage of manganese, the records show that the
amounts used were always below the 0.79, specified by Mr. Hodge and
the 0.75 specified by the author, the average being 0.589,. It is probable
that the use of ten or fifteen more points of manganese would have strength-
ened the steel materially and raised its elastic limit several thousand
pounds without inducing any objectionable characteristics.

In respect to the percentage of nickel, in no case did the record show
less than the 3.25%, minimum, specified by both Mr. Hodge and the author,
or exceed the latter’s specified maximum of 3.759,.

In respect to the elastic limit for full-size eye-bars, in no case did it
fall below the limit of 48,000 Ibs. per square inch specified by Mr. Hodge;
but in eight instances it failed to come up to the author’s specified require-
ment, which, by the way, varies inversely with the thickness of the bar.

In respect to the ultimate strength of full-size eye-bars, in three in-
stances it was less than that specified by Mr. Hodge; and in most cases
it was well below the author’s specification. The average thickness of
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all the bars is 1 294", for which the latter specification would ecall for.an
ultimate strength of about 96,000, while the average is only 91,000 lbs.

With the exception of one bar which broke in the head, all the bars
complied easily with Mr. Hodge’s specification for elongation.

It is evident by the preceding deductions from the table that the
nickel steel furnished for the Free Bridge at St. Louis failed to come up
to the specifications given in “Nickel Steel for Bridges”; and it will be
interesting to surmise as to what should have been done to it in order
to make it comply therewitbh. .

First: As to Plate-and-shape Steel, the amount of nickel employed
was just right, as was also the amount of carbon; and the percentages
of the impurities, phosphorus and sulphur, were kept down properly; - but
the average for manganese was twelve points too low. The average clastice
limit was only 250 Ibs. above the author’s specified minimum, and
the average ultimate strength was some 5,000 lbs. below the same. While
it is probable that the addition of twelve points of manganese would have
brought the elastic limit nearly, if not quite, up to the author’s require-
ments, it is not likely that it would have done so for the ultimate strength;
hence some additional treatment would have been necessary. Possibly
the author’s requirement for minimum ultimate strength is too severe.
It makes the ratio of elastic limit to ultimate 0.57, while Mr. Hodge’s
corresponding ratio is 0.58, which coincidence would tend to show that
the trouble does not lie in that requirement.” Probably its real cause is
too great a variation in the values of both the elastic limit and the ulti-
mate—especially the latter. To correct this objection the addition of a
small amount of titanium to the molten charge would likely be successful.
Its use would probably increase both the average clastic limit and the
ultimate a few thousand pounds each and make the product much more
uniform. The experiment is well worth trying.

Second: As to Eye-bar Steel, the amount of nicke! employed falls
short of the author’s requirement by 0.89, the amount of carbon
by 0.079, and the amount of manganese by 0.229,. If these de-
ficiencies were made up, it is more than likely that the elastic limit
and the ultimate strength of full-size eye-bars would readily comply with
the author’s specifications—especially if a little titanium were added to
make the metal uniform.

Concerning the beneficial effect of the addition of titanium to steel,
the reader is referred to the discussion by Monsieur Petinot of the au-
thor’s before-mentioned paper, “The Possibilities in Bridge Construction
by the Use of High Alloy Steels,” published in the 1915 Transactions of
the American Society of Civil Engineers.



CHAPTER V

DEAD LOADS

THE dead load for any bridge usually consists of the weights of those
parts of the permanent structure, which from their position cause stresses
on the trusses or girders; but sometimes an extraneous dead load is al-
lowed for, such, for instance, as snow or an accumulation of dirt, or a
line or lines of pipe for water or gas, or an extra thickness of floor plank,
or a possible future pavement. All parts of the structure resting directly
upon or over the piers are to be omitted when figuring the dead load,
such, for instance, as pedestals, end floor-beams, end bents in deck struc-
tures, and the portal bracing when the end posts are made vertical instead
of inclined.

In all simple span trusses the dead load is assumed to be uniformly
distributed over the entire length of span, and this is approximately cor-
.rect; for the chords are heavy at the middle and light near the ends,
while the web is the reverse. When the chords are parallel the assump-
tion of uniform distribution is almost exact, but in long spans when the
top chords are polygonal the web is not much heavier at the ends than
it is at the middle; but, on the other hand, the chords are more nearly
uniform in weight from end to end, and the lateral system becomes heavier
as the ends of the span are approached. On the whole, this assumption
of uniform distribution of dead load for simple truss spans is exact enough
for all practical purposes.

But in the case of cantilevers, arches. long swing-spans, bascule bridges,
and some other unusual types of structures, the dead load is not uniformly
distributed over the entire span, and an assumption that it is would re-
sult in errors too large to be permitted. In such cases it is first nec-
essary to assume the various panel dead loads, then design the bridge and
compute them. If the resulting agreement is fairly close, well and good;
but, if not, new dead loads are to be assumed, the corresponding stresses
are to be figured, the proportioning of parts is to be done anew, and the
resulting dead loads are to be computed. The second set of calculations .
should give a very close agreement; but, if not, the work must be gone l
through again with a third assumption of dead load distribution. In
case of large or complicated structures it is best in figuring dead load
stresses to adopt the unit load method described in Chapter X in order
to facilitate the recalculation. i

In ordinary spans it is customary to assume that two-thirds (2§) of
the dead load are concentrated at the panel points of the lower chords

oM
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in through-bridges and at those of the upper chords in deck bridges; and
one-third (14) of the dead load at the panel points of the upper chords in
through-bridges and at those of the lower chords in deck bridges. If a bridge
carry a very heavy, paved floor, it would be better to make the division
three-quarters (34) and one-quarter (14); and in some extremely long spans
it might be better to assume sixty (60) and forty (40) per cent; but this divi-
sion of the dead load is not an important matter, as it affects geuerally only
the vertical posts, which often have an excess of section; consequently
any error in truss stresses caused by an improper division of dead loads
above and below need cause no one any uneasiness.

The rule given in the specifications of Chapter LXXVIII is that after
a span has been figured and the assumed dead load has been checked by
the weights obtained from the diagrams of stresses and the computations
of details, if there prove to be a variation exceeding one per cent of the
sum of the equivalent live load, the impact load, and the actual dead
load, the stresses and the proportioning of parts are to be calculated again
with a new assumed dead load. It is better that the assumed dead load
should be too high rather than too low, as such an excess tends to increase
all stresses except those in counters; and in modern bridge designing the
latter are confined to cheap highway spans. If an extra large dead load
is assumed s0 as to provide for future possibilities, the minimum instead
of the greatest possible dead load should be employed in figuring counter
stresses, since the effect of the dead load is to reduce these.

The following are the unit weights of all the materials that ordinarily
enter into the construction of bridges:

Creosoted lumber, from four and one half (414) to five (5) pounds per
foot board measure. Qak and other hard woods, excepting those from
Australia and New Zealand, four and a quarter (414{) pounds per foot
board measure. Some varieties of Australian timber, used occasionally in
bridge floors on the Pacific Coast, six. (6) pounds per foot board measure.
Yellow pine, three and three-quarters (334) pounds per foot board measure.
White pine and other soft woods, two and three-quarters (234) pounds
per foot board measure.

Rails and their fastenings for first-class, standard-gauge railroads
(both steam and electric), about seventy (70) pounds per lineal foot per
track. If the rails adopted be unusually heavy or unusually light, their
exact weight (including fastenings) per lineal foot per track should be
figured and used when computing the dead load.

Concrete, from one hundred and forty (140) to one hundred and
sixty (160) pounds per cubic foot, according to the character of the stone
or gravel used in its manufacture. For reinforced concrete five (5) pounds
are to be added to the preceding unit weights.

Asphalt pavement, ‘including binder, one hundred and twenty (120)

pounds per cubic foot. .
Brick pavement, one hundred and forty (140) pounds per cubic foot.
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Steel, four hundred and ninety (490) pounds per cubic foot.

Earth (used as a covering for masonry or concrete arches) one hundred
(100) pounds per cubic foot.

Broken stone for ballasted floors, one hundred (100) pounds per cubic
foot.

Snow, compacted, fifty (50) pounds per cubic foot.

Water (carried in pipes), sixiy-two and a half (62.5) pounds per cubic
foot.

In computing dead loads for all ordinary bridges the weights of metal
given in the diagrams of Chapter LV will be found of great assistance.
In the casc of cantilever bridges, the probable weight of metal and its
distribution can be ascertained from Chapter XXV as well as from the
diagrams of Chapter LV.

In assuming dead loads for arches, the information given in Chapter
XXVI will cnable one to estimate pretty closely to the actual dead loads,
but the computer is advised to study the question very carefully, as the
weight of metal in any arch bridge will depend considerably upon the num-
ber of panels, the ratio of risc to span, and the general type of structure.

In suspension bridges it will be necessary to know the weight per
lineal foot for steel cables of various diameters. While these vary slightly
in different makes of rope, those given in the following table for twisted
cables will be found sufficiently accurate for all practical purposes.

TABLE 5a

WEercHTs oF SteEL CABLES
Weight of Rope in

Diameter of Rope Pounds per Lineal Foot
1” 1.70
11,7 2.65
11, 3.82
13,7 5.20
20 6.80
2147 8.60
21, 10.62
23,7 12.85
3" 15.30

For intermediate diameters the weights may either be interpolated or
found by the formula, ’
W = 1L.7D%,
where W is the weight of rope in pounds per lineal foot and D is its diameter
in inches.
In a cable composed of straight wires, if n is the number of wires, d
the diameter of each wire, and D the diameter of the rope,
D\2
n = 0.77 ( 4 ),
and if w be the weight per lineal foot for a single wiré and W the weight
per lincal foot of the rope, ’

W =nw = 077w (%)2
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There is another loading in the nature of a dead load that must not
be ‘omitted from consideration, viz., the uplift loading at the ends of
swing spans, producing reverse dead load stresses. This is treated at
length in Chapter LXXVIII, to which the reader is referred. The amounts
of uplift there given are as great as the usual machinery is capable of
handling—possibly sometimes greater—for in a well-designed bridge the
assumed height of the uplift at either end of span should be made a trifle
in excess of the rise caused by the greatest possible live load, with its im-
pact included, that can come upon the other arm. The reverse dead load
stresses throughout each arm, due to uplift, should be considered only
when they tend to augment the section of the piece; because, although
it is true that they act in conjunction with the live load, it is possible
that they may not always exist—at least not to the extent of the amounts

computed.



CHAPTER VI

LIVE LOADS

In the early days of railway bridge designing the live load adopted
was a simple uniform advancing load, amounting to about two thousand
(2,000) pounds per lineal foot. This was soon increased to a long ton or
two thousand two hundred and forty (2240) pounds per lineal foot. The
next step was to place a locomotive at the head of the train, giving the
spacing of the various axles and the loads upon them; and as it became
customary to use double headers to haul long trains, the bridge loadings
were soon increased by providing for two engines in advance of the cars.

Theodore Cooper, Esq., C. E., was one of the first engineers to estab-
lish standard live loads for railway bridges. He had in his first bridge speci-
fications three classes thereof, as follows:

Class A. Two consolidation engines, each with its tender being about fifty (50) feet long

and weighing 85.5 tons, followed by a train of cars weighing 3,000 lbs. per
lineal foot, the axle loads being as follows:

Pilot. .. e i eae e 15,000 lbs
Drivers, each. . .. ... e 24,000 Ibs.
Tenders, each. ... .. ... ... .. . 15,000 Ibs.

Class B. Two consolidation engines of like length and wheel spacing, each with its
tender weighing 80.5 tons, followed by cars weighing 2,240 lbs. per lineal foot,
the axle loads being as follows:

52110 P 15,000 Ibs.
Drivers,each. . . ... ... i i 22,000 lbs.
Tenders, each. ......... ... .. .. i it 14,500 1bs.

Class C. Two mogul engines, each with its tender being about forty-seven (47) feet
long and weighing 71.5 tons, followed by cars weighing 2,000 lbs. per lineal
foot, the greatest axle loads being as follows:

Pilot. .. e 15,000 Ibs.
DIIVerS. . .. e e 25,000 lbs.
Tenders. . ... ... i e et 13,500 lbs

These live loads of Mr. Cooper’s have been gradually increased from
time to time, until, in 1906, his heaviest engine and tender weighed 177.5
tons, the corresponding car load being 5,000 lbs. per lineal foot and the
axle concentrations as follows:

Pilot. .. 25,000 Ibs.
DIIVeIS. . . i e 50,000 Ibs.
Tenders. ..ottt ettt i e e e 32,500 Ibs.

The example set by Mr. Cooper was quickly followed by many of the
railroad companies, which established standard live loads of their qwn,
98
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almost no two being alike, thus causing infinite labor and trouble for the
computers of the bridge companies. This, however, was by no means
the limit of their imposition, for soon the standard specifications called
for the computations of stresses for two alternative loadings, then three,
four, and in some extreme case five slightly different live loads. The
figuring that such specifications necessitated was emormous, and, more-
over, it was useless; for a single live load would have answered the pur-
pose just as well. As the railroad engineers who wrote the specifications
very seldom did any of the computing themselves, they did not recognize
the extent to which they were imposing absolutely unnecessary labor
upon the engineering profession, or else they were indifferent; for not
only did they require every bridge member to be figured for each engine
load, but they also insisted that all calculations should be made by the
so called “exact method” of axle concentrations; of which more will be
said in Chapter X. As time went on the railroad companies kept in-
creasing the weights of their locomotives and trains, and the standard
bridge specifications had constantly to have their live loads modified to
keep pace with the increase.

In 1891, 1892, and 1893 the author made an extended investigation
of the railway live load question by a systematic correspondence with
the chief engineers of all the principal railroads of the United States,
Canada, and Mexico, obtaining a consensus of opinion by several letter
ballots. The results of his investigations were published in the Trans-
actions of the American Society of Civil Engineers and in the technical
press; and they evoked considerable discussion in the latter. All of these
writings and discussions have been collected by Mr. Harrington and
published in his book, “Principal Professional Papers.” Even while this
investigation was being made during the short period of two years, it
was found necessary to advance the live loads, as can be seen by com-
paring the plates opposite pages 272 and 458 of Mr. Harrington’s book.
From these it will be noticed that the tender axle loads were increased
three thousand (3,000) pounds each, and another standard loading, viz.,
Class T, was added.

The result of the two years’ investigating and balloting was the es-
tablishment of what was termed “The Compromise Standard System of
Live Loads for Railway Bridges,” which is reproduced in Fig. 6a. An
inspection of this will show that for the lightest loading, Class Z, the
weight of one engine and tender was ninety-three and one-half (93.5)
tons and the car load was three thousand (3,000) pounds per lineal foot,
the axle loads being fifteen thousand (15,000) pounds for the pilot, twenty
five thousand (25,000) pounds for the drivers, and eighteen thousand
(18,000) pounds for the tenders. For the heaviest loading, Class T, the
weight of one engine and tender was one hundred and forty-four and
one-half (144.5) tons, and the car load was four thousand two hundred
(4,200) pounds per lineal foot, the axle loads being twenty-one thousand
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(21,000) pounds for the pilot, forty-three thousand (43,000) pounds for
the drivers, and twenty-four thousand (24,000) pounds for the tenders.
There were also alternative loadings for short spans consisting of two
heavy axle loads spaced seven (7) feet centres, and varying from forty
thousand (40,000) pounds each for Class Z to fifty-two thousand (52,000)
pounds each for Cllass T. These live loads were incorporated in the first
edition of De Pontibus (1898) and sufficed until 1900, when the author
issued his book, “Specifications for Steel Bridges.” In this he increased
by regular gradations of axle loads the number of standard loadings by
adding Classes S, R, and Q, the total weight of one engine and tender
for the latter being one hundred and seventy (170) tons, the car load
four thousand eight hundred (4,800) pounds per lineal foot, the pilot
axle load twenty-four thousand (24,000) pounds, the driver axle load
fifty-two thousand (52,000) pounds, the tender axle load twenty-seven
thousand (27,000) pounds, and the alternative axle load fifty-eight thou-
sand (58,000) pounds. These heavier standard loadings were incorpo-
rated in the second edition of De Pontibus, which was issued in 1903.

About this time, though, certain railroad companies in order to make
long runs, especially through the arid portions of the Western States, in-
creased the capacities of their tenders for both coal and water, and, in
conscquence, issued new live load diagrams differing from both those
of the Compromise Standard and the standards established by Mr. Cooper
in his various bridge specifications. The latter, by the way, differed but
slightly from those of the Compromise Standard, the principal variation
being that Mr. Cooper’s axle loads were all multiples for the different
classes, while in the Compromise Standard the axle loads varied by con-
stant increments. The multiple feature is a slight convenience, mainly
in computing the equivalent uniform loads and the total end shears. The
reason that it was not adopted for the Compromise Standard was that
it would not fit in with the averages deduced from the ballots voted by
the chicf engineers of the various railroads.

Of late years the tendency has been to inerease materially the weights
of engines, tenders, and cars, and it was not very long before certain
railroads began to specify live loads even heavier than Waddell’s Class
Q. There was onc noticeable feature in their loadings, however, viz.,
that the total lengths of locomotives and tenders were increased, thus
reducing the average loads per lincal foot and making the effective increase
in live loadings more apparent than real.

In 1904 at the annual convention of the American Society of Civil
Engincers, Henry W. Hodge, Esq., C. E., read a paper on “Live Loads
for Railroad Bridges’; and it was largely discussed both at the meeting
and subsequently. The paper and the discussions are printed in Part
A, Vol. LIV, of the Society’s Transactions for 1905. Mr. Hodge recom-
mended that any road which expeets to do an ordinary traffic, or to carry
the freight delivered to it by other large systems, should not use an en-
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gine load having less than fifty thousand (50,000). pounds on drivers, fol-
lowed by a car load not less than five thousand (5,000) pounds per lineal
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‘vot.

He stated also that, in his opinion, the probable limit of engine

xould consist of locomotives weighing with tender about two hundred
ind forty (240) tons on a wheel basc of fifty-two (52) feet and having



102 BRIDGE ENGINEERING Cuarrer VI

axle loads of thirty-five thousand (35,000) pounds for pilots, seventy
thousand (70,000) pounds for drivers, and forty-one thousand (41,000)
pounds for tenders. In respect to car loads Mr. Hodge stated that while
the heaviest loaded coal cars weigh four thousand (4,000) pounds per
lineal foot, there were in use on the Monongahela Connecting Railroad
of Pittsburg iron ore cars weighing when loaded seven thousand three
hundred (7,300) pounds per lineal foot. Several of the gentlemen who
discussed the paper came to the conclusion that a live load involving
fifty thousand- (50,000) pound driver axle loads and car loads of five
thousand (5,000) pounds per lineal foot is as large as is necessary for
railroad bridges.

Such were the opinions of engineers in 1904.

In the summer of 1907, the author, in order to obtain the latest prac-
tice concerning railway live loads, sent to the chief engineers of all rail-
roads in the United States, Canada, and Mexico, having a mileage of
one thousand miles and upward, the following letter:

“We are about to make some investigations concerning bridges, the result of which
it is our intention to present eventually to the engineering profession; and we find it
necessary for our purpose to collect certain data.

““At present we are dealing with the live load question; and we should like to obta.m
from you a copy of the standard bridge specifications of your railroad, containing the
live load diagram that you employ.

“We should be pleased to know whether you deem your standard loading heavy
enough for the future as well as for the present, and, if not, to what extent you think
it may have to be increased during the next ten years.”

To this letter there were received replies from engineers representing
one hundred and fifty thousand (150,0600) miles of line; and a compen-
dium and digests of the data accumulated were made, from which it
was seen that the average driver axle load then specified by the leading
American railroads was fifty-one thousand one hundred (51,100) pounds,
and the average car load four thousand nine hundred and sixty six (4,966)
pounds per lineal foot. About twenty-five (25) per cent of the railroads
that replied to the circular were contemplating an increase in their speci-
fied live loads; hence it is evident that the general opinion of the gentle-
men who discussed Mr. Hodge’s paper concerning the sufficiency of a
fiftty thousand (50,000)-pound axle load was incorrect, and that Mr.
Hodge’s suggestion that such a load be considered as a minimum is justified.

Some interesting deductions were made from this compendium con-
cerning the relative values of the various axle loads and the car loading
per lineal foot. Calling the driver axle load unity, the average pilot
axle load is 0.47, the average tender axle load is 0.65 and the average
car load per lineal foot is 0.10.

Based upon the preceding information the live loads tabulated in Fig.
6b have been adopted by the author as his new standard.

It will be seen that the loads for the different classes are multiples of



LIVE LOADS ) 103

each other. This method was adopted because it does not appear to con-
flict materially with the present average practice of the railroad chief
engineers, and because, as before stated, it simplifies the preparation of
the curves of equivalent uniform loads and total end shears. The pilot
axle load has been made fifty (50) per cent of the driver axle load, the
tender axle load has been made seventy (70) per cent of same, and the
car load per lineal foot ten (10) per cent thereof. The reason for using
a slightly higher per cent than the average for the tender loads is the
fact that many railroads are now making a practice of attaching heavy
new tenders to their old locomotives.

The new standard has been started with the light loading of Class
40 as an accommodation to the cheap, new railroads of the West that
cannot stand the expense of putting in heavy bridges; but the author
is advising his clients not to use any lighter load than Class 55, especially

Class A B C w D
40. .. .. 20,000 40,000 28,000 4,000 48,000
45, e 22,500 45,000 31,500 4,500 54,000
50.. .. . e 25,000 50,000 35,000 5,000 60,000
5. e 27,500 55,000 38,500 5,500 66,000
60...... ... 30, 60,000 42,000 6,000 72,000
5 I 32,500 65,000 45,500 6,500 78,000
70, . 35, 70,000 49,000 7,000 84,000

Fic. 6b. Live Loads for Railway Bridges.

for truss bridges, as locomotives of that weight are in constant use on
many railroads. The new standard differs from that of Mr. Cooper
mainly in the greater tender loads, but also in the lengths of engines and
tenders and in the heavier classes adopted for future possibilities. The
total length from the first pilot to the cars is only one foot greater than
the average shown on the digest table of loadings. This increase is a
move in the right direction in view of the fact that the present tendency
is to augment the lengths of both locomotives and tenders in order to
accommodate their greater weights.

Figs. 6¢c, 6d, and 6e show the end shears and the equivalent uniform
live loads for the new standard. The apparent inconsistency between the
readings given in Fig. 6d and those in Fig. 6¢ for 100-foot spans is
due to the fact that the equivalent uniform loads for plate-girder spans
were computed so as to produce the correct moment at mid-span; while
in the case of truss spans the equivalent uniform loads were figured so
as to give correct moments at the quarter points, calling for a somewhat
greater load per foot of span. For further expianation see Chapter X.
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In the author’s opinion, it is not likely that much heavier loads than
Class 65 will be needed at all generally for many years. He is also of the
opinion that Class 70 approaches closely the practicable limit for loco-
motives, tenders, and trains of cars, unless the gauge of railroad be in-
creased; because any materially greater loading would be decidedly top-
heavy and, therefore, not only very injurious to the track because of
sway but also actually dangerous on account of the tendency to overturn.
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Fic. 6. Maximum Fnd Shears for Plate-girder Spans of Railway Bridges.

The preceding paragraph was written in 1909 and just six years
later an opportunity has oceurred for eheeking its correetness, for in the
. Mareh, 1915, Bullctin of the American Railway Engineering Association
there ix o timely and interesting paper on “ Heavy Locomotive Loadings”
by AL CL Irwin, Esq., €L FL of the Engineering Department of the Chicago,
Milwaukee, and St. Paul Railway.  In it he gives thirteen examples
of the heaviest engine loadings per rail and an “equivalent” comparison
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ith an extension of Cooper’s “E Loadings,” showing that the “Mallet
riplex”” loading of the Erie Railway for spans of about 100 feet would
st reach Class E72, that the Mallet loading of the Atchison, Topeka,
«d Santa Fe System (Class 3,000) equals Class E67 for spans ranging
xm 80 to 100 feet, that the Mallet loading of the Chicago, Burlington,
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Fis. 6d. Equivalent Uniform Live Loads for Plate-girder Spans of Railway
Bridges. :

. Quincy Railway (Class M2) is equivalent to Class K66 for spans
35 to 45 feet, that two other Mallet engine loadings are equivalent to
ss 65, that a majority of the loadings equal or exceed Class EGO, that
but one exceed Class E55, and that the one exception is equivalent for
rt spans to Class E50. This shows the necessity for adopting a heavy
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live load for the bridges of any line that is likely ever to use engines of
the Mallet type.

As the live loads adopted for this treatise are about one per cent heav-
jer than the corresponding live loads of the extended Cooper standard,
it is evident that there is today only one live load exceeding the author’s
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Class 70—and that by merely one per cent and solely for spans of about
one hundred feet. It must be remembered that as yet engines of the
Mallet type are used on only a few railroads, and not many of them give
as great bending moments as does Class 65 of the live loads adopted by

the author; hence his prognostication of six years ago has been verified.
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In double-track bridges, in accordance with the theory of probabili-
ties, it is permissible and often advisable to use more than a single class
of live load, one for stringers, a lighter one for floor-beams, and in long
»spans a still lighter one for trusses. The reason for this is because, while
the stringers are likely to receive occasionally the heaviest engine loading,
the floor-beams are not liable to have to support more than once in a
great while two such engines with their wheels in the worst possible posi-
tion; and because, while a train on one track as heavy as the standard
live load is a bare possibility, such a train on each track is a condition
that will probably never exist, and the longer the span the greater will
be the variation between the actual greatest loading and that composed
of the two standard live loads.

Not many years ago but little or no attention was paid to live loads
for street railways on bridges, as the cars were so short and light that their

AXLE SracivG AXLE LoAD.
CLASS I _O__l (in pounds)
5 5%%&2045 s /5, 000
20 6 |55 23 55| 6 20,000
25 7 |6 26 6|7 25,000
30 8 |65 29 65| 8 30, 000
35 9 |7 32 719 35, 000
40 /0 |75 35 7.5 | 70 40 000

Fia. 6f. Live Loads for Electric Railway Bridges.

weight did not exceed that of a very heavy wagon, and was much less
than that of a road-roller. In those days the usual way to provide for
the carrying of a street railway over a highway bridge was to double
the joists beneath the rails. Today the circumstances are quite differ-
ent, for, since the advent of electric railroads, the street railway live loads
have been steadily on the increase; and now there are in use cars about
sixty feet long that will weigh when fully loaded one hundred and twenty-
five thousand (125,000) pounds, or about two thousand (2,000) pounds
per lineal foot. In order to accommodate ail types of street railways
and interurban roads the author has adopted the standard live loads
for bridges carrying electric railways shown in Fig. 6f.

These six classes ought to suffice for many years to come; for, as far
as the author knows, there are no city or suburban railway cars in exis-
tence which, when fully loaded, will quite come up to Class 35. As for
the number of cars per train, it is assumed that it is eithcr limited to two
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or that it is a matter to be decided for each individual case as it arises.
Under no condition should the number be less than two, and it is im-
probable that it would ever reach as high as six, consequently the diagram
of equivalent uniform loads for each class has been figured for two, three,
four, five, and six cars in the train. These curves are shown in Figs.
6g to 6n inclusive.

The lack of agreement between the readings given in Fig. 6k and
those in Figs. 64, 67, 6k, 61, 6m and 6n for 100-foot spans is accounted
for by the difference in the methods of computing equivalent uniform
live loads, as explained previously in this chapter in the case of steam
railway loadings and also in Chapter X.

Live loads for highway bridges usually consist of so many pounds per
square foot of floor with an alternative loading (that seldom affects more
than the floor system and the primary truss members) consisting of a
road-roller, a traction engine, or a very heavily loaded motor wagon or
lorry.

For many years it has been conceded that the greatest live load which
can come upon a highway bridge consists of a crowd of people. Such
a crowd collected promiscuously is not likely to weigh more than eighty
(80) pounds per square foot of floor, but an unusual jam might easily
increase it to one hundred (100) pounds, or even more. A number of
experiments have been made to ascertain what weight of men could be
crowded into a limited area. Old experiments gave loads varying from
eighty-four (84) to one hundred and twenty (120) pounds per square foot;
but some modern ones show much higher results, reaching in one case
to about one hundred and eighty (180) pounds. Considering the fact
that for reasons involving personal comfort, people will not permit them-
selves to be crushed in a crowd, it is evident that in determining live
loads for highway bridges there is no necessity for assuming extraordinary
conditions which are extremely unlikely to exist. Moreover, it must be
remembered that with a densely packed crowd of people there will be
little or no impact, owing to the fact that the motion of such a concourse
is either very small or practically nil. As modern bridge designing in-
volves almost universally the addition to the assumed live loads of a variable
allowance for impact, which in the case of very short, narrow highway
spans amounts to about sixty (60) per cent, it is evident that the ignoring
of excessively heavy crowds of people in proportioning bridges is perfectly
legitimate. Again, in bridge designing the theory of probabilities, or, in
other words, sound common sense, must be employed when specifying live
loads; for it is evident that a long span is not so likely to be loaded to
the limit as is a short one, and that the longer the span the smaller should
be the live load per square foot of floor adopted. Should, in any extreme
and unusual case, the specified live load be exceeded somewhat, no harm
would be done, as the result would simply be a short-lived encroachment
on what used to be termed the “factor of safety.”
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LIVE LOADS 117

The uniformly distributed, highway, live-loads adopted for the speci-
fications of this treatise, given in Fig. 6o, are those of Waddell’s De Pon-
tibus. They vary for Class A from one hundred and twenty (120) pounds
per square foot of floor in very short spans to sixty (60) pounds per same
in spans of seven hundred and fifty (750) feet. The corresponding loads
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Fia. 6o. Uniformly Distributed Live Loads for Highway Bridges.

for Class B are one hundred (100) pounds and fifty (50) pounds; and
those of Class C eighty (80) pounds and forty (40) pounds.

Some people have an idea that a herd of cattle will weigh more per
square foot of space covered than a crowd of people, but such is not the
case, as the actual limit for the former is about sixty (60) pounds per
square foot. However, the impact from cattle is likely to exceed that
from people. The greatest impact comes from soldiers marching in uni-
son, and this is 8o well known that in crossing bridges they are, by
army regulations, made. to break step. As soldiers marching in time are
never crowded closely, it .is evident that their load with its impact can
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never be injurious to any well-proportioned highway structure, unless it
be a suspension bridge in which the rhythm might induce excessive oscil-
lation. This matter of impact will be treated fully in the next chapter.

Until recent years the concentrated live loads for highway bridges
consisted only of those from road rollers, traction engines, or heavily

-9

8,000°

35 |
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/
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Roap Rouer Loaones
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/8 Tov Truck 12 Tov Truer

Motor Thuex Loaomes
F1a. 6p. Road Roller and Motor Truck Loadings for Highway Bridges

loaded wagons, but today the most important of all is that from motor-
trucks or lorries. Almost all of the old highway bridges are incapable
of carrying these new live loads with safety. In Engineering News of
September 3, 1914, there is a paper by Messrs. Manville and Gastmeyer
in which is given much valuable information on the subject. In it atten-
tion is called to the fact that, even if truck-loadings are apparently not
as great as those caused by road-rollers, their effects are more destructive
because, on account of their high passing speed, they involve much more
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impact than the road-rollers do with their slow motion. These gentle-
> men assume an impact of twenty-five per cent for road-rollers and from
forty to fifty per cent for trucks. The author is of the opinion that the
‘ road-roller cannot produce any appreciable impact because of its extremely
i dow speed, but it might occasion a slight jar by rolling over an obstacle
too large to be crushed or driven into the floor. As explained fully in the
following chapter and in the specifications of Chapter LXXVII]I, there is
‘ no impact allowance at all for road roller loadings. The impact assumed
\ for trucks by Messrs. Manville and Gastmeyer checks very closely with
the formula for highway bridge impact adopted in this treatise.

Fig. 6p shows the three classes of road-roller and truck loadings adopted
. as the author’s standard.

In Chapter LXXVIII are given specifications as to how live loads

’ on sidewalks of highway bridges are to be treated. The rules there laid
' down are based upon the theory of probabilities; for while one sidewalk
of a short span (or a panel or two thereof in a long span) might be fully
loaded simultaneously with the main roadway while the opposite side-
walk is empty, such a combination of circumstances is not at all likely
to occur for any great length of structure.

The subject of combining for any one bridge live loads caused by the
various kinds of loading is treated in Chapter XIII.

— ——
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CHAPTER VII

IMPACT LOADS —

To the eminent American bridge engineer, C. C. Schneider, Esq.,
Past President of the American Society of Civil Engineers, is due the
method of proportioning bridge members for the impact produced upon
them by rapidly moving loads. It was in 1887 that he wrote his bridge
specification for the Pencoyd Iron Company, in which he increased the
live load by using an impact formula, and then allowed the same unit
stresses for both live and dead loads. This is the only truly scientific
and correct method of designing bridges. It is more accurate than any
other, the degree of accuracy attainable, of course, being dependent upon
the amount of study given to the action of spans and their members under
live loads passing at various velocities.

Mr. Schneider’s formula was,

[ 30
L4300
where I is the coefficient for impact and L is the length in feet of the
portion of the span covered by the moving load when the member under
consideration rececives its greatest live-load stress. If we make L = 0
in the equation, I will equal unity. This is in accordance with the well-
known principle that a load suddenly applied from rest produces twice
the effect of the same load applied statically. This impact formula of
Mr. Schneider’s is widely used even today when, from numerous experi-
ments, it is known to give results too small for short spans and too great
for long ones.

The history of the evolution of the determination of impact is as
follows:

In the résumé of the discussions of his paper on “Some Disputed
Points in Railway Bridge Designing,” written in 1891 and published in
the Transactions of the American Society of Civil Engineers for 1892,
the author wrote thus under the heading * Intensities of Working Stresses’’:

“In respect to this subject it appears that we are all at sea; and we are liable to
remain there until such time as the much needed experiments on actual intensities of
working stresses, that I have been advocating for years, be made, after which we shall be
able to settle upon a system of intensities that will be logical. Meanwhile we shall have
to jog along in the best way that we can, letting each engineer use his own judgment
concerning the intensities to employ, or perhaps (which is the best thing t6 be done
under the circumstances) obtain a consensus of opinion as to what system to adopt for &

120
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temporary expedient. The method adopted by Mr. Schneider, of reducing all live-load
stresses to their equivalent static stresses before applying a constant intensity, is un-
doubtedly the scientific way to proportion bridges; but until we have some real knowl-
edge of the effects of dynamically applied loads, it does not seem advisable to develop a
system that in all probability will have to be considerably modified in the future.

“It would not be such an immense undertaking to make an exhaustive series of
tests of the effects of live loads applied to bridge members with varying velocities.
Perhaps a year’s time and an expenditure of, say, $50,000 would suffice. If not, more
time and money should not be begrudged upon such an important matter. The United
States Government is willing to appropriate annually millions of dollars for the United
States Engineers to use in experiments upon hydraulic problems. Why cannot the
bridge engineers and the railroads obtain from Congress a small appropriation to decide
one of the most vital questions in bridge building? If the United States Government

" refuse to make such an appropriation, cannot one of America’s millionaires be persuaded
to donate the money as a contribution to applied science?

“In my opinion the proper steps to take after obtaining the money would be as
follows:

“First.—To appoint a committee of seven members of the American Society of
Civil Engineers, who are acknowledged bridge experts, to act as an advisory board,
and let them lay out the series of tests (to be modified later if they should think ad-
visable), appoint a committee of three well-paid expert bridge engineers to make the
tests under their instructions, attend to all payments of money, make arrangements
with railroad companies for the use of their lines and bridges in making the tests, ete.

“The first practical step to take would be to investigate all the machines thus far
invented for measuring extensions and compressions in bridge members, so as to decide
upon what kind of apparatus to adopt, or to design new ones if necessary. These
machines should be tested thoroughly to determine their accuracy as far as static
loads are concerned and to prove their reliability in case of dynamically applied loads.
After the machines are shown to be satisfactory, experiments should be begun system-
atically upon all parts of bridges of modern design, with trains varying in velocity from
zero to the greatest attainable speed. Sufficient tests of all kinds should be made to
give good average results. Both tension and compression members should be experi-
mented upon, and if the machines prove to be very accurate, even such intricate problems
as the distribution of stress in plate girders might be solved. This field of experiment
is most inviting, especially because of the great utility of the results; hence there would
be no difficulty in obtaining an expert committee to make the tests. Mr. Wolfel's
remarks on the subject of measuring the actual intensities of working stresses are most
interesting, and are worthy of a careful perusal.”

Agnain, in 1896, when preparing the introductory chapter of De Pon-
{ibus, the author wrote thus:

“The uncertainty as to the magnitude of the effect of impact on bridges has for
many years been a stumbling-block in the path of systemization of bridge designing, and
will continue to be 80 until some one makes an exhaustive series of experiments upon the
actual intensities of working stresses on all main members of modern bridges of the
various types. The making of these experiments has long been a dream of the author’s,
and it now looks as if it would amount to more than a mere dream; for the reason that
the general manager of one of the principal Western railroads has agreed to join the
author in the making of a number of such experiments on certain bridges of the author’s
designing, the railroad company to furnish the train and all facilities, and the general
manager and the author to provide the apparatus and experimenters. It is only lack
of time that has prevented these experiments from being made this year, and it is ex-
pected that they will be finished in 1808. It is hoped that the result of the experiments
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“(3.) The longer the span-length the slower is the critical speed; and, therefore, the
maximum impact on long spans will occur at slower speeds than on short spans.

“(4.) For short spans, such that the critical speed is not reached by the moving
train, the impact percentage tends to be constant so far as the effect of the counter-
balance is concerned, but the effect of rough track and wheels becomes of greater im-
portance for such spans.

(5.) The impact as determined by extensometer measurements on flanges and
chord members of trusses is somewhat greater than the percentages determined from
measurements of deflection, but both values follow the same general law.

#“(6.) The maximum impact on web members (excepting hip verticals) occurs under
the same conditions which cause maximum impact on chord members, and the per-
centages of impact for the two classes of members are practically the same.

“(7.) The impact on stringers is about the same as on plate-girder spans of the same
length, and the impact on floor-beams and hip verticals is about the same as on plate
girders of a span length equal to two panels.

(8.) The maximum impact percentage as determined by these tests is closely given
by the formula,

1+ 20,000
in which I = impact percentage and ! = span-length in feet.

““(9.) The effect of differences of design was most noticeable with respect to dif-
ferences in the bridge floors. An elastic floor, such as furnished by long ties supported
on widely spaced stringers, or a ballasted floor, gave smoother curves than were ob-
tained with more rigid floors. The results clearly indicated a cushioning effect with
respect to impact due to open joints, rough wheels, and similar causes. This cushioning
effect was noticed on stringers, floor beams, hip verticals, and short-span girders.

“(10.) The effect of design upon impact percentage for main truss members was
not sufficiently marked to enable conclusions to be drawn. The impact percentage
here considered refers to variations in the axial stresses in the members, and does not
relate to vibrations of members themselves.

“(11.) The impact due to the rapid application of a load, assuming smooth track and
balanced loads, is found to be, from both theoretical and experimental grounds, of no
practical importance.

“(12.) The impact caused by balanced compound and electric locomotives was very
small, and the vibrations caused under the loads were not cumulative.

“(13.) The effect of rough and flat wheels was distinctly noticeable on floor-beams,.
but not on truss members. Large impact was, however, caused in several cases by
heavily loaded freight-cars moving at high speeds.”

In Engineering News of August 1, 1912, there is a paper entitled “A
New Impact Formula,” by Gustav Lindenthal, Esq., C. E., which contains
much valuable information; but the formula proposed is far too compli-
cated, being based on many theoretical assumptions. Moreover, some of
the statements and deductions which it contains are not in accord with
the latest experiments on impact—those made by the committee of the
American Railway Engineering Association as herein previously described.
For instance, there are no experiments on record to show that for a rail
supported on ties “the effect of live load and impact is equivalent to three
times the effect of the quiescent load.” This paper ignores the first prin-
ciple that “Simplicity is one of the highest attributes of good designing.”



IMPACT LOADS 127

There is a paper in the 1912 Transactions of the American Society of
Civil Engineers entitled “Specifications for the Design of Bridges and
Subways,” by Henry B. Seaman, Esq., C. E., which contains some ma-
terial concerning impact that is worthy of perusal, especially the discus-
sion by Victor H. Cochrane, Esq., C. E. Fig. 7b contains seven impact
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curves collected and diagrammed by Mr. Cochrane; and the author has
again taken the liberty of plotting here the curve derived from his proposed
formula for single-track railway bridges, viz., '
[o 165
~ L4150
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. It is submitted that this curve is preferable to any of the others; for

while it keeps just above the plotted points for short spans, it does not
approach so near the zero line for long spans as do the three other curves
which follow the test points more or less closely. The author is firmly
of the opinion that the effect of impact never is zero, no matter how long
the span, when the speed of the train is -unrestricted.

All the experiments on impact thus far, as well as can be learned, have
been made upon single-track bridges; and it is evident that for bridges
with a greater number of tracks the impact would be less than on those
for single track, the larger thc number the smaller the impact. While he
has had no proper data from which to adjust this variation, the author
has evolved the following formula for steam railway bridges having any
number of tracks:

165

I'= T+ 150

where I is the coefficient of impact, n the number of tracks, and L the
loaded length in feet. Fig. 7c gives the curves by this formula for spans
from zero to one thousand feet for structures having one, two, three, and
four tracks. These curves look reasonable and logical; and if they err
at all, the error is on the side of safety. For instance, taking a span-
length of one hundred feet, while a single-track structure has an impact
of 66 per cent, a double-track structure has one of 47 per cent, a three-
track structure onc of 36 per cent, and a four-track structure one of 30
per cent. When one considers that in multiple track structures the trains
run in opposite directions and that the cumulative vibrations of one train
undoubtedly have a tendency to check those of another train, he must
conclude that these figures are more than safe.

For electric railway bridges the author after several trials has finally
adopted the impact formula,
__120
" nL + 175

It is based entirely on engineering judgment, with the impact formula
for steam railway bridges as a guide. It, too, undoubtedly errs upon the
side of safety. Fig. 7d shows for spans varying in length from zero to
one thousand feet and for structures having one, two, three, and four
tracks the curves derived from this last formula.

For highway bridges the formula finally adopted is

_ 10
~ nL + 200

I

I

where n is the total width of roadway and sidewalks divided by 20—for
instance, if the total clear width of deck is 60 feet n will be equal to three
(3). Fig. 7e, as in the previous cases, gives the corresponding curves for
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four different values of n. If it is fractional, the impact can either be
interpolated or be taken from the curve of nearest value.

There is still another impact loading to be considered, viz., that from
the dead loads of moving spans. In swings and bascules when the mov-
able span is set in motion or brought to rest suddenly there is a jar or
shock which augments the dead-load stresses; and to allow for this effect
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F1a. 7d. Coefficients of Impact for Electric Railway Bridges.

the said stresses are increased twenty-five (25) per cen! in the specifica-
tions of Chapter LXXVIII. This increase of dead load does not com-
bine with the live load; nevertheless there are or may be certain main
members and details the sections of which it will augment. This dead-
load impact when applied to vertical lift bridges will never change the
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ill increase those

of the tower columns, the supporting ropes, the equalizers, the hangers,

and all the connecting details for these parts.

sections of the members of the movable span, but it
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CHAPTER VIII

CENTRIFUGAL FORCE AND OTHER EFFECTS OF TRACK CURVATURE

WHENEVER it is necessary to design a railway bridge on a curve, due
account must be taken of the effects upon the structure produced by the
curvature of the track. Where a bridge is located on a tangent, its axis
is made to coincide with the centre line of track or tracks, and the struc-
ture is designed symmetrically about the vertical plane through the said
centre line. This gives the same loads on the symmetrically correspond-
ing parts of the span and causes their sections to be alike. With the
structure on a curve it is not always possible so to arrange the layout
that corresponding members shall have the same loads and sections,
although it is usually practicable to make the differences very slight,
and in many cases negligible. Even when the differences are consider-
able, it may prove economical from the standpoint of the shop work to
use for the more lightly loaded member the same section as for the one
more heavily loaded.

There are four elements that enter into the computatlons for a bridge on
a curve due to the curvature of the track, viz.: the curvature of the track
itself, the eccentricity of the track, the centrifugal force, and the super-
elevation of the outer rail. It is not always obligatory to consider all
of these effects, as the necessity for so doing will depend on the location
of the structure and the class of traffic passing over it. The effects of
the curvature and eccentricity of the track will always have to be taken
into account; but those due to centrifugal force and superelevation of
outer rail will have to be considered only where the speed of the train
demands it. The centrifugal force is directly proportional to the square
of the velocity of the train, as is also the superelevation required. The
latter is employed in order to overcome the bad effect of the centrifugal
force which exists on a curve without superelevation. For low speeds
the centrifugal force and the required superelevation are small; and
where it is practicable to figure on very low speeds they may be neglected
altogether.

The velocity of the train to be assumed in determining the centrif-
ugal force and superelevation will depend on various factors. In the
first place the location of the bridge should be taken into consideration.
There are various circumstances in connection with the position of a
structure that might call for a slow speed. When a bridge is located in
a city, it is not uncommon to find speed restrictions. Again, when a
bridge is near a crossing, station, or water tank, the speed at which the

132
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train crosses the structure will usually be slow. Also when a road crosses
a navigable stream on a low bridge, all trains are required by law to come
to a full stop before reaching the draw span. If there is reversal of
curvature on a bridge, it is very unlikely that a train will cross it at a
high speed, especially where the curves are sharp and are connected
either by a very short tangent or by no tangent at all. Under such cir-
cumstances it is generally necessary to superelevate the outer rail only a
slight amount, if any; and there will then be no need of taking into
account the effect of superelevation and centrifugal force. .

Under other circumstances, however, the speed of the train will de-
pend on the classes of traffic, whether passenger or freight or both, that
cross the structure, and upon whether it is on a main or a branch line.
The speed will also depend somewhat on the degree of curvature, as it
is generally the rule that a train will slacken its velocity as it approaches
a curve; and the sharper the curve the greater the retardation.

If every train were to take a given curve with the same maximum
speed, the centrifugal force should be figured for that velocity, and the
superelevation should be such as to make the resultant of the vertical
and the centrifugal loads normal to the plane of the track. This would
give equal loads on the two rails—the best possible condition for both the
traffic and the structure itself. Such an arrangement is possible where
one class of traffic alone uses the line, with the same speeds approximately
in both directions, or where separate tracks are provided for each of the
two classes of traffic. The latter condition is to be found only on certain
of the main lines of the large eastern roads where four and six tracks are
employed. As a general rule, either a single or a double track is used,
and both classes of traffic pass over the same tracks.

With the two classes of traffic occupying the same rails, it is impos-
sible to adopt a speed that will fit both. The freight trains when loaded
always run at a comparatively low velocity, producing a small centrif-
ugal force and requiring a low superelevation, if any. When empty,
however, they travel at a much higher speed, requiring a greater super-
elevation. The passenger trains often run at the highest attainable
speeds, requiring much superelevation and producing great centrifugal
force. The maximum centrifugal force should be figured for the greatest
velocity, properly reduced for the degree of curve. The speed for which
the superelevation is figured, however, should be adjusted to the best
possible advantage so as to suit both the freight and the passenger traffic.
As a rule, the passenger traffic should be given the preference in this, for
it is the traffic that receives the greatest inconvenience from unbalanced
centrifugal force. As stated before, if passenger traffic practically mo-
nopolizes the line, a superelevation should be provided for approximately
the maximum velocity. But where heavy freight is also handled over
the road, such a superelevation would be excessive for this class of traffic,
forcing the wheels against the inner rail with a tendency to cause derail-
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ment or perhaps a stalling of the train. To reduce this effect, the ve-
locity for which the outer rail is superelevated should be taken less than
the velocity for which the maximum centrifugal force is figured. A
proper velocity for the superelevation is herein assumed to be one that
will give a centrifugal force equal to one-half of that for the maximum
velocity. This will give an excess of load on the inner rail when the
" train is standing still equal to that on the outer rail when it is moving
at maximum speed. The velocity for figuring the superelevation will,
therefore, be taken at seven-tenths (0.7) of the maximum velocity. The
assumed maximum velocity, properly reduced for curvature, can be taken
from the formula,

V =60 —- 25 D; [Eq. 1]
and the velocity for figuring the superelevation, from the formula,
V =42 —-175D. [Eq. 2]

In these equations, V equals the velocity of the train in miles per hour
and D equals the degree of curve.

These velocities are given for a level track or one on a slight ascend-
ing or on a descending grade in the direction of the traffic. Where the
latter operates against a heavy grade on a track carrying trains in one
direction only, the maximum velocity there should be reduced. The
engineer should use his own judgment when such a case arises. In fact,
in no instance should one adopt the velocities previously specified with-
out first weighing carefully all the facts of the case in hand, and deter-
mining whether those velocities are proper. At times one has to be
governed by requirements specified by others; and in case they do not
agree with his own views, he should endeavor to have them modified.

The superelevation of the outer rail is to be determined from the

formula,
4V
8= —p— [Eq. 3]

where 8 = the required superelevation in inches,
V = the velocity of the train in miles per hour, reduced for the
degree of curve as previously noted, and
R = the radius of the curve in feet.

Equation (3) is derived on the assumption that the rails are spaced
five (5) feet on centres, and that the centre of gravity of the train is five
(5) feet above the base of rail. Fig. 8a gives values of s for any degree
of curvature up to twenty (20) degrees, for velocities ranging from ten
(10) to sixty (60) miles per hour. It also indicates the values of s when
V varies in accordance with Equation 2.

Superelevation for tracks on curves of electric railways should be
figured in the same mammer as for steam railways, to which class of lines
the previous discussion has largely referred. In general, for the regular
surface traffic in cities no superelevation need be allowed. Especially is
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this true when the bridge carries also highway traffic and when it is nec-
essary to pave the floor. If any superelevation at all is provided under
such conditions, it should be limited to one inch or, preferably, to one-
half inch. Special cases, however, may arise where a greater super-
elevation is desirable, but this should be left to the judgment of the en-
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F1a. 8a. Superelevation for Tracks on Curves.

gineer. On elevated and interurban electric railway structures, super-
elevation should always be provided.
The centrifugal force is to be determined from the following formula:
W2
F —*1—572= CW, [Eq 4]
where F = the centrifugal force in' pounds acting horizontally at the
centre of gravity of the load,
W = the moving load in pounds,
V = the velocity of train in miles per hour, reduced for the degree
of curve as previously noted, and
R = the radius of curve in feet.

»

Fig. 8b gives values of the coefficient c, or 127, for any degree of cur-
vature up to twenty (20) degrees and for velocities ranging from ten (10) to
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sixty (60) miles per hour. It also indicates the values of ¢ when V varies
in accordance with Equation 1.

No centrifugal force should be assumed to act on a bridge located
on a curve for ordinary city surface lines, unless, in the opinion of the
engineer, it is deemed advisable to do so. However, structures for inter-
urban or rapid transit lines located on curves should always be figured
for the effect of centrifugal force, the values given in Fig. 8b being used
to determine the amount of such force.

Where wheel loads are adopted in computing the stresses in the various
members of a structure, the percentages given by the curves in Fig. 8b
are to be applied to these wheel loads in determining the centrifugal
forces. Where equivalent uniform live loads are employed, these per-
centages are to be applied to them in the same way. In figuring stresses
in the lateral bracing of bridges due to centrifugal force, the same equiv-
alent uniform live loads are to be taken as are used for the trusses of
such bridges; and in the case of stringer bracing (if it ever be
computed at all), the equivalent uniform live load for centrifugal force
should be that adopted for designing the stringers.

The centrifugal force should be assumed to act at a point five (5) feet
above the base of rail, this being the average height of the centre of gravity
of the live load.

Practically every important member in a structure is affected by the
stresses produced by the centrifugal force, the superelevation of the outer
rail, and the curvature of the track. The lateral bracing for the unloaded
chords and the longitudinal bracing in tower bents are about the only
members not so affected. Of course, the various' members are by no
means acted upon to the same extent; and in some instances the in-
fluence of some or all of the above factors can be neglected altogether.
In general, however, they should be considered, or, at least, it should
be ascertained that they are neglible.

As the effect of all the factors above noted, except that of transferring
the centrifugal load to the ends of the structure, is merely to vary the
distribution of the vertical loads on certain twin members, it would be
possible so to arrange those members that the vertical loads on them
would be uniform throughout their length. This is not practicable, how-
ever, as it would require the curving of every member parallel to the
track. It is possible, though, so to adjust any pair of members with re-
spect to the track that the vertical loads on them will produce the same
quantitative effect in either moment or shear at a given point in either
member. The effect of the transferring of the centrifugal load to the
ends of the structure cannot be balanced in the same way, although it
is possible to make an adjustment that will be advantageous under certain
circumstances, as will be shown later.

When the outer rail is not superelevated and the centrifugal force is
not assumed to act, only the effect of track curvature need be taken into
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consideration. The adjustment of the track for the effect of curvature,
80 as to produce the same moment or shear at a given point in twin mem-
bers. will depend on the location of the said point, as well as upon whether
the moment or the shear is to be determined.

Let us consider two members, AB and CD in Fig. 8¢, with their centre
lines a distance d apart, carrying a curved track with a mid-ordinate m.

A ~& of Girder 8
P Troch . —. -
of — € vetween WBaw cO~ ~._°
| _—_'—,é.'/" _LL-&_E ______ \:+._
oy . ‘
/ L of Grder N
[ ¥/

Fia. 8¢. Layout of Girders on Curves

The long chord is assumed parallel to the two members. For equal
moments at the centres of AB and CD, the offset o should equal ’—g; .

for equal moments at the quarter points, it should equal 52&"; and for

equal end reactions, it should equal % It is possible to arrange the

stringers, girders, and trusses to meet any one of the above named con-
ditions, but it is not always advisable. In some cases it makes little
difference which one of the above offsets is used or whether the offset is
made equal to %n or even to m itself. Again, it may be deemed best
to adopt some other fractional part of m as the offset. In any case, no
matter how the centre line between any twin members is located with
respect to the track, the eccentricity of the members from a balanced
condition can readily be figured and the increase or decrease in moments
and shears determined. From these it is possible to figure the extent
to which such increases or decreases should be taken into account. For
instance, if the centre line between the two members AB and CD is ofi-

set from the centre line of track at mid-span an amount equal to 'Z—_,

which arrangement gives equal moments at the centre, the moment on

the inside girder is increased and the moment on the outside girder is

decreased from the average moment M at the quarter poin: by the amount,
Sm  m\ 2

mM 8.3m
(EZ - 6) EM =T by the percentage R Under the same

condition the end reaction on the inside girder is increased and that on
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the outside girder is decreased from the average value R by the amount

?_‘.l.es by th 3_33ﬂ
3d or by the percentage d

For stringers parallel to the chord of the curve, it will generally be
satisfactory to make the offsgt from the centre of track to the centre

. m
line between stringers at centre of span a distance equal to bY, and figure

them for equal loads. The increase in moments and shears on the more
heavily loaded stringer will be negligible. This same condition will also
apply to girder spans up to about thirty (30) feet in length for sharp
curves, and to greater lengths for flat curves. However, for greater
lengths than thirty (30) feet it is difficult to set any definite limits, as
the flange sections increase so rapidly. Each case should, therefore, be
investigated on its own merits. Wherever it is not advisable to locate

the centre line between girders at a distance of 12—"1 from centre line of

track at mid-span, this offset should preferably be made % This will

give equal moments at the centre, although unequal end reactions. But
with the end reactions differing considerably, the shop work will not be
affected appreciably, as it will require merely the use of somewhat thicker
end angles for the heavier reaction. Where the mid-ordinate for a curve
on a stringer span is not greater than one (1) inch, the centre line be-
tween the stringers may be placed on the chord of the centre line of track,
as the increases in the sections of the more heavily loaded stringer are
negligible. For the stringer concentrations on the floor-beams and for
the floor-beam reactions on the girders or trusses, the average of the two
offsets for which the stringers in the panels adjacent to the floor-beam
in question were figured should be used as the point at which the track
load will be assumed to act.

If we call the point at which the track load is assumed to be applied
z, the eccentricity E of the said load employed in developing the equa-
tions to follow will be taken as the eccentricity of the point z with respect
to the centre line between stringers, girders, or trusses, and will be con-
sidered as positive when measured toward the stringer, girder, truss, or
end of floor-beam in question, and negative when measured in the oppo-
site direction. In all cases the eccentricity E will carry its own sign.
These equations will be determined from the standpoint of a single-track
structure, but they are equally applicable to multiple-track structures.

The stringers in a structure on a curve may be placed parallel to and
symmetrically about the centre line of the bridge; they may be parallel
to the said centre line, but offset therefrom so as to give equal moments
at their mid-points; or they may be placed parallel to the chords of the
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curve between the floor-beams, and offset so as to give equal moments
at mid-length.

In the first layout the eccentricity of the track will have to be con-
sidered. The moments can be computed for the average eccentricity,
i.e., the eccentricity of the middle point of the mid-ordinate to the
curve between the floor-beams; and for flat curves the same eccentricity
can be used for the end shears. ‘However, for sharp curves, the
inclination of the long chord of the track to the axis of the bridge must
be taken into account in determining the end shears of the stringers,
especially in the end panels. As the loads on the stringers vary, their
sections will not be alike except when the differences are so small that
they may be neglected. The end connections should all be designed for
the maximum stringer end shear occurring in the span and for the maxi-
mum concentration on the floor-beams. This will make all floor-beams
alike as to the stringer connections, although their flange sections and
their end connections will vary. This layout of stringers will give the
best arrangement for the shops, as practically the only extra work en-
tailed will be the caring for the various flange sections and the details
affected by them.

If we let W equal the total load on the two stringers, E the eccen-
tricity, and b the distance from centre to centre of stringers, the load Q
on either stringer will be
In this equation E carries its own sign. Where the chord of the curve is
appreciably inclined to the axis of the stringers, this equation cannot
be used for determining the end shears.

In the second layout the stringers will be figured for equal moments
at the centre, and the end connections for equal shears where the curve
is flat. However, where the curve is sharp (and sometimes in the end
panels for flat curves) due consideration must be given to the inclination
of the chord of the curve between the floor-beams to the axis of the stringer
when determining the end shears. The end connections should always
be designed for the maximum end shear. In this case the sections of all
the stringers will be alike, but the end connections will be different on
account of the offsetting. This requires the outstanding legs of the end
connections to vary in order to engage the same holes through the floor-
beams. For the same reason the stringer connections will not be sym-
metrical about the centre of the floor-beams, causing extra shop work
on the latter.

In the third layout the stringers will be figured for equal moments
and equal end shears. In this case the stringers will have the same sec-
tions and end connections, but the lengths of the stringers will vary;
and the end connections as well as the flanges will have to be bevelled.
The bevels may be so large that bent plates will have to be employed
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instead of connection angles; especially will this be true in the end panels.
Moreover, the stringer connections will not be symmetrical about the
centre line of floor-beams. This last case involves the worst condition
for shop work, although it effects the best distribution of the loads to
the stringers.

Before adopting one of the three methods outlined for laying out the
stringers, the case in hand should be carefully studied. In general, it
might be said that for very flat curves the first method will prove the
most satisfactory; for medium curves, the second method; and for sharp
curves, the last method. However, even this consideration may be
affected by the length of the span as well as by that of the panels.

In designing the floor-beams, two cases may arise—one in which the
stringers are parallel to the trusses and spaced symmetrically about their
centre line, and the other in which the stringers are parallel either to the
trusses or to the chords of the curve between the floor-beams and offset
from the centre line between the trusses so as to follow the curve as nearly
as possible. In either case it is best first to find the end reactions of the
floor-beams on the two trusses. This can be done most readily by deter-
mining the track concentrations on the floor-beams in the case of either
concentrated or uniform loads for two panels, considering the track
straight, and then computing the truss loads by using the eccentricities
of the said concentrations. If W, is the total track concentration on the
floor-beam, E, the eccentricity, b, the distance from centre to centre of
trusses, and R, the floor-beam reaction for either truss, then

R, = —"2’—‘(1 + 2—;?) (Eq. 6]

in which E, carries its own sign. After all the floor-beam reactions R,
are found, the moment at any stringer point of a floor-beam can be read-
ily determined. Where the stringers are spaced symmetrically about the
centre line between trusses, to determime the moment for any floor-beam,
it is only necessary to use the larger end reaction of the said floor-beam,
as the moment arms are equal. However, where the stringers follow the
track, the moments at all the stringer points will have to be determined,
because the lever arms all vary. It may be possible to tell by inspection
where the maximum moment in any floor-beam will occur. As it will
also be necessary to know the stringer concentrations on the floor-beams,
these can be determined from the equation given above by substituting
R for Ry, and b for b, where R is the stringer concentration, and b is the
distance from centre to centre of stringers. Therefore

R= —vg—l(l + 25‘), [Eq. 7]

in which E carries its own sign. When E, is zero, i.e., when the stringers
follow the track,

W,

R = = (Eq. 8]
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The panel concentrations on the trusses are determined in the same
way as are the floor-beam reactions. ,

For sharp curves, where the stringers are parallel to the axis of the
bridge, it may be necessary to figure the floor-beam concentrations for
each stringer separately before determining the floor-beam reactions or
truss loads, on account of the difference in the inclination of the chords
of the curve in the two adjacent panels. Where this difference is appre-
ciable, the averaging of the eccentricities in the adjacent panels will not
be sufficiently accurate, and all floor-beam concentrations computed in
this manner will be excessive. The greatest difference will show up in
the end floor-beams and will readily indicate to what extent the figuring

W /
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Fic. 84. Forces Acting on a Structure on a Curve.

by average eccentricities will affect the floor-beam concentrations and
reactions and the truss panel loads.

In the preceding treatment of the subject, consideration has been
given only to the effects of track curvature. This is as far as it is nec-
essary to carry the investigations in case the superelevation is omitted
and the centrifugal force is ignored. However, where superelevation is
provided and the centrifugal force is taken into account, due consider-
ation must be given to the effects thereof.

In all previous notations the impact factor has been ignored, and all
loads must either be increased for this or else be assumed to include it.
In figuring the effects of the centrifugal force and superelevation, how-
ever, no impact is to be added. For this reason an impact factor will
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be applied hereafter to all loads affected by impact. All equations will
hold true for the effects of track curvature alone, if all factors due to
centrifugal force and superelevation are cancelled.

The effect of the centrifugal force is a tendency to overturn the train,
thereby increasing the load on the outside rail and decreasing that on
the inside one by an amount equal to the overturning moment divided
by the distance from centre to centre of rails. By superelevating the
outer rail the centre of gravity of the train is shifted toward the centre
of the curve, thus producing a negative moment to counteract all or part
of the overturning moment from the centrifugal force. The resultant
effect is to vary the distribution of the vertical loads on the stringers,
floor-beams, and girders or trusses.

In Fig. 8d let the plane of the rails make an angle a with the horizontal.

Sin a then equals 3—, where s is the superelevation of the outer rail and

g the distance from centre to centre of rails. The centrifugal force ¢cW
is applied at K, the centre of gravity of the mass, located at a distance
r above the base of rail. The distance r should actually be taken along
OK; but the angle a is so small that the vertical and the inclined dis-
tances are not appreciably different. Assume K to be located at a dis-
tance n above the tops of the stringers and at a distance ! above the plane
of the laterals. The load W is eccentric with respect to O, the central
point between rails, by an amount ¢ = r tan a. As the angle a is small,
we can write sin « in place of tan a, it being more convenient to do so as
sin a is known. Then, the increase in load on the outer rail or the de-
crease in load on the inner rail is

S,=%7(cr—e)=%'(c——sina). [Eq. 9]

In the same way the increase in load on the outer stringer or the decrease
in load on the inner stringer is,

=—;”:(cn—rsina); [Eq. 10]
and for the trusses the corresponding formula is
S = %Z (cl — rsin a). [Eq. 11]
1

If we combine the effects of track curvature, superelevation, and cen-
trifugal force, the following equations will result, using the same nota-
tion as given before and letting I equal the impact coefficient.

For stringers parallel to and symmetrical about the centre line of
bridge, the loads on the stringer are:

Outside stringer,
e=wia+n (s+g) -T2+ P (Ea 12
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Inside stringer,

r sin a cn}' [Eq. 13]

Q- jarn () T o

In these equations E carries its own sign.

For stringers following the curve with no appreciable eccentricity,
these loads are:

Outside stringer,

o=wina+n-"+ 2l [Eq. 14]
Inside stringer,
Q=W§%(1+1)+r—8"‘—°-'—c—:} [Eq. 15]

To produce equal loads on the two stringers, the eccentricity IE,
should be

1 .
E = 1¥1 (r sin a — cn), [Eq. 16]

the sign being taken with reference to the outside stringer. This gives
17
a load of % (1 + I) on each stringer. The load on the inside stringer

for the train standing still and no impact considered will never be as large
as-this.

After determining the coefficients in the parentheses for the case in
hand, as well as the centre moment and the end shear for the total load
on the two stringers, the actual moment and shear in any stringer can
be found by multiplying the above calculated moment and shear by the
coefficient for this stringer. As stated before, in computing the end
shears for stringers, the effect of the inclination of the chord of the curve
to the axis of the stringer should be looked into carefully.

The above equations given for stringers can also be applied for similar
conditions to deck plate girder and deck truss spans without floor sys-
tems. However, it will be necessary to investigate other sections than
merely the centre and end ones in order to prevent any appreciable over-
stress. The said overstress can be determined as previously described;
and if necessary, the sections can be increased.

For stringers parallel to and symmetrical about the axis of the bridge,
the stringer concentrations on the floor-beams are:

Outside stringer,

R=wija+0(5+%) -0 2] me
{nside stringer,

R= n‘.g a+n (1541 ) +-’—“‘1‘—°‘ - E;-‘} [Eq. 18]
In these equations E,; carries its own sign.
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When the stringers follow the curve with no appreciable eccentricity,
these concentrations are:

Outside stringer,
R= {/(1+I)—’—s“‘—°‘+—$ [Eq. 19]
Inside stringer,

R=Wx{%(l+1)+ ; : (Eq. 20]

After determining the coefficients for all floor-beams as well as the
total track concentration on one floor-beam, the actual concentration at
any stringer point can be found by multiplying the figured track con-
centration by the coefficient for this point. )

For floor-beams, the end reactions on the trusses are:

Outside truss,

m=wda+n (15+%2) -
Inside truss, )
re=wda+n (+3) + 20— 2l mem

These coefficients can be determined for all the floor-bheams and also
the total load on one floor-beam. The actual reaction for any floor-
beam at either truss can then be found by multiplying the total floor-
beam load by the coefficient for the end in question; and the moments
at all stringer points can consequently be computed.

The panel loads for the trusses can be determined from the equations
for the floor-beam reactions.

In addition to varying the vertical loads on stringers, girders, and
trusses, the centrifugal load produces stresses in the loaded flanges of
stringers and girders and in the loaded chords of trusses due to the trans-
ferring of this load horizontally to the ends of the span. Tension is pro-
duced in the outside, and compression in the inside flange or chord. The
said load in a stringer or a deck-girder span is taken to the ends by the
lateral bracing and then to the supports through the cross frames; while
in a span with a floor system, it is first transferred by the stringer brac-
ing to the floor-beams and then to the ends of the span through the lateral
bracing.

In a deck span the stresses in the outside loaded chord are decreased
and those in the inside loaded chord are increased by the transferring of
the centrifugal load to the ends of the span. It is impossible to shift
the stringers, girders, or trusses, with respect to the track, so as to equal-
ize the stresses in all the flanges or chords, because the unloaded flanges
or chords are not affected by the horizontal action of the centrifugal load.
If the stresses in all the flanges or chords are equalized for all other loads
than the one just mentioned, any attempt to balance the loaded flanges

r8in a cn}

rsina ¢

by *E}’ [Eq. 21]
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or chords will unbalance the unloaded flanges or chords. In stringer and
girder spans, in which all flanges are made up of the same style of sec-
tion, the span can be shifted to advantage toward the inside of the curve
until the stress in the top flange of the inside girder equals that in the
bottom flange of the outside girder and vice versa. This will give the
. minimum variation in flange sections, as well as the least number of such
differing sections. To obtain this result. the track will have to be shifted

an amount ————~ y in which ¢ is the ratio of the centrifugal to. the direct

2 (1 + 1
load, d is the depth of the stringer or girder from centre to centre of flanges,
and I is the impact coefficient. Where the difference in the flange stresses
is slight, as in stringer spans, all sections can be made alike.

In truss spans and in deck, plate-girder spans having top flanges
which are built up of four angles and bottom flanges which are composed
of two angles and plates, it is best not to attempt to equalize the stresses
of the diagonally situated flanges or chords, as the make-ups of the said
top and bottom flanges or chords are different, and hence no benefit would
result from such a change. It will be best to equalize the. stresses in the
unloaded flanges or chords and let the loaded flanges or chords take care
of themselves. This will at least give the same sections for the unloaded
flanges or chords.

In trestles on curves the towers and bents must be figured for the
shear and overturning due to the centrifugal load in the same manner
as for wind loads.

If the stringers or girders are inclined the same amount as the rails,
due consideration must be given to this condition, as it tends to equalize
the loads without shifting the track to the same extent as is done for
vertical stringers or girders.

In all the preceding investigations it has been assumed that the cen-
trifugal load is normal to the axis of the bridge throughout its length.
Theoretically this is not correct, as the centrifugal load acts radially at
any point. However, the difference between the radial load and its nor-
mal component is not appreciable; and assuming the former to be normal
to the axis of the bridge involves a slight error on the side of safety.

The centrifugal load is to be treated in the same manner as the live
load and not as an unusual load, for it always exists when the live load
is acting; consequently there will be no increase in permissible unit
stresses when determining the sections of members affected by the cen-
trifugal load, unless there be wind load or other unusual loading in the
combination. In other words, the centrifugal load per se does not war-
rant the increasing of the intensities of working stresses.

While the preceding discussion assumes that the location of the track
with respect to the steel work may be varied as desired, it is not always
practicable or economical to do so; and especially is this true in through
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spans of either the girder or the truss‘type. The girders or trusses may
be spaced such a distance apart that the position of the track can be
arranged so as to fulfill the foregoing requirements as to equalizing the
loads on them as far as it is possible to do so, and in addition to provide
the required clearance at the inside truss. However, this is likely to
give an excessive distance from centre to centre of trusses. It might be
more economical to reduce this distance, merely providing the required
clearance for both the inside and the outside trusses and taking care of
the unequalized loads on them. This will in general make the shop
work of the two trusses or girders (especially that of the trusses) vary
to a greater extent than otherwise, because for an equalized condition
it will usually be possible to design the trusses very nearly alike. In
either case, however, the total weight of the trusses will be about the
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same, as the shifting of the tracks merely changes the division of loads on
them. With the trusses or girders placed farther apart than is required
for clearance, the weight of the floor system and lateral bracing increases;
consequently the question as to which of the two arrangements will prove
the more economical must be determined by comparing the cost of the
extra metal in the floor system of the wider span with the cost of
the extra shop work in the narrow span. In general, though, the most
economical arrangement will be to make the distance from centre to
centre of trusses as small as practicable.

To provide the same clearance for single-track through-bridges on
curves as required on tangent, the clear width between trusses is to be
as shown in Figs. 8¢ and 8f.

In these figures,

W = the lateral clearance from the centre line of track required for
tangent alignment,

M = the mid-ordinate of the curve for a chord equal to the span
length,

X = an addition for the overhang of the centre of the car on the
inside,
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Z = an addition for the overhang of the end of the car on the outside,

and

Y = an addition for the tilting of the car due to the superelevation

of the outer rail.

X is the mid-ordinate of a chord of the curve the length of which is
equal to the distance from centre to centre of trucks, whereas X plus Z
is the mid-ordinate of a chord of the curve the length of which is equal
to the length of the car. Where the distance from centre to centre of
trucks is seven-tenths (0.7) of the length of the car, X equals Z; where
this distance is greater than seven-tenths (0.7) of the length of the car,
X is greater than Z; and where less than seven-tenths (0.7) of the length
of the car, X is less than Z. Where X and Z are not equal, the total over-
hang should be assumed as twice the larger, or else due account should
be taken of the fact that they are not equal, if the difference is appre-
ciable. Unless otherwise specified, the clearance should be figured for a
car eighty-five (85) feet long and sixty (60) feet between truck centres.
In this case X will equal Z, and will be one (1) inch for each degree of
curvature.
sh
5
rail in inches and % equals the greatest height of the car in feet above
base of rail. In no case should it be assumed greater than fifteen (15)
feet, making the maximum value of Y equal to 3s. The effect of the
tilting of the car is taken into account on the inside of the curve only.
On the outside thereof the clearance is really increased by the tilting,
but this increase is so small (usually less than one inch) that it should
be neglected.

When the outer rail is not superelevated, Y becomes zero. When
Y is zero and X equals Z, the centre line of the span bisects the mid-
ordinate of the curve for a chord equal to the span length. This is true
in both square and skew spans. In a skew span, however, it should be
noted that the loads on the two girders or trusses are not balanced as
they are in a square span. The offsets from the inside girder to
the curve at its ends are equal, thus producing balanced loads about the
centre; however, for the outside girder these offsets are different, the
one at the acute angle being larger than that at the obtuse angle—the
difference depending on the amount of skew—thus giving unsymmetrical
loads on the girder. The moments and shears on the inside girder can,
therefore, be figured the same as for a square span. However, the out-
side girder should be computed for loads from the part of the curve be-
tween its ends, if the difference in the offsets is of sufficient importance
to warrant such a consideration.

Y is to be taken equal to —, where s is the superelevation of the outer



CHAPTER IX

- WIND LOADS, VIBRATION LOADS, AND TRACTION LOADS

Tae wind pressure per square foot of exposed surface for which bridges
should be designed has always been an unsettled matter. Many experi-
ments looking toward its solution have been made, but the force in question
is such a variable one, and is so greatly influenced by many factors which
are difficult to control, that the results are not all accordant. It is generally
agreed, however, that the pressure on any particular surface varies with
the square of the velocity of the wind, and that the intensity diminishes
as the area acted upon increases. In general, the intensity on a plane
surface, normal to the direction of the wind, can be expressed by the
formula,

P = KV?, [Eq. 1]

where P is the pressure in pounds per square foot, and V is the velocity
in miles per hour. The value of K cannot be given with any certainty,
but is generally considered to lie between 0.003 and 0.005, most of the later
writers assuming it as 0.004 or less. In the 1910 edition of “Modern
Framed Structures” the values 0.0032 and 0.004 are both given, the smaller
figure being considered the more likely of the two; but some other author-
ities prefer the higher figure. For a velocity of one hundred (100) miles
per hour, which rarely occurs in the United States except in tornadoes,
the resulting pressures from the two values given above are thirty-two
(32) and forty (40) pounds per square foot. It is evident, therefore, that
the highest probable unit pressure that will be developed,on a bridge in
ordinary localities will lie between thirty (30) and forty (40) pounds per
square foot. As the wind is rarely uniform over any extended area, the
average pressure on a span of any size will be considerably below these
figures. Furthermore, a wind pressure in excess of thirty (30) pounds
would overturn high, empty box cars, so that a greater pressure than
this would never be assumed to act in conjunction with the live load.
Specifications have frequently called for unit pressures as high as fifty
(50) pounds per square foot on the unloaded structure, and from thirty
(30) to forty (40) pounds on the loaded structure. These intensities have
generally been used in designing the main members of the lateral system;
but pressures of half the amounts would almost always have caused failure
in the connections employed for the lateral members, and, in pin-connected
single track spans, would have buckled the bottom chords when the
structure was empty. C. Shaler Smith, the noted bridge engineer, after
149
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an extended examination of existing bridges, came to the conclusion that
it was very doubtful if bridges other than those of short span ever had to
withstand pressures much in excess of thirty (30) pounds per square foot.
It is believed, therefore, that the following intensities provide amply for
all probable effects of wind, although in certain localities it might be
thought advisable to increase the pressures for the unloaded structures.

First. For the unloaded structure, pressures per square foot of about
thirty-five (35) pounds for spans two hundred (200) feet long, and thence
decreasing to thirty (30) pounds for spans six hundred (600) feet long,
and to twenty-five (25) pounds for spans one thousand (1,000) feet or
more in length.

Second. For the loaded structure, a pressure of thirty (30) pounds per
square foot for spans two hundred (200) feet or less in length, ranging
down to twenty-five (25) pounds for spans six hundred (600) feet long, and
to twenty (20) pounds for spans one thousand (1,000) feet or more in length.
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F16. 9a. Wind Pressures on Inclined Surfaces per Duchemin’s Formula.

For bridges carrying highway traffic only, the live load and the wind load
will not be considered to act simultaneously, for the reason that no person
would ever venture upon the structure when there exists a wind pressure
per square foot of anything like thirty (30) pounds.

The intensities above discussed have referred entirely to pressures
on surfaces normal to the direction of the wind. It is frequently neces-
sary to know the amount of pressure on surfaces which make an oblique
angle with its direction. The formula most generally employed for this
purpose is Duchemin’s, which is

P, =P 2 sin a

1 + sin? o’ [Eq. 2
where @ = Angle between the surface and the direction of the wind,
P = Pressure per square foot on a surface normal to the direction of
the wind,
and P,= Normal component of this pressure.
The curve in Fig. 9a gives ratios of P, to P for various values of a.
In Fig. 9b are given the author’s specified wind pressures and vibration -
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" loads per lineal foot of span for the loaded and the unloaded chords of
both single-track and double-track railway truss bridges. In Fig. 9¢ are
shown the areas per lineal foot of span opposed to the wind by single-
track and double-track railway bridges. From this last diagram the wind
pressures per lineal foot of span given in Fig. 9 were computed by using
the intensities previously noted.

It is really only in long-span railway bridges that the specified wind
pressure cuts any figure; because, in spans of ordinary length, the vibra-
tion load (to be mentioned later) will govern the design of the lateral
system; and modern live loads are so heavy that the combined live, impact,
dead, and wind load stresses with the allowable increase in intensities of
working stresses usually require less sectional area than the combined live,
impact, and dead load stresses with the ordinary intensities, except where
the wind produces transverse bending in a member, as in the end-posts of
through bridges. While the wind load may reverse the stresses in certain
members, this is of no importance in riveted structures, which are adopted
almost exclusively for short spans; and even in pin-connected bridges the
stiffening of the end sections of the bettom chords, which is specified to-day
for all first-class structures of this type, will gencrally take care of any
reversals that may occur. However, the wind stresses should always be
figured for any bridge, unless the designer be very familiar with structures
of just the type he has employed for the case in hand; and the test for
wind combination should invariably be made, as it may cause a slight
increase here and there in the sections of main members. The test for
anchorage against overturning should always be made, particularly in the
case of high trestles.

The wind loads for highway and electric railway truss bridges adopted
in the specifications of Chapter LXXVIII are given in Fig. 9d. The
curves of wind loading for Class A highway bridge<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>