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THE DESIGN OF A
TWO-HINGED SPANDREL-BRACED ARCH BRIDGE
WITH AN INVESTIGATION OF ITS
SECONDARY STRESSES

PREFACE

The object of the present thesis, as the title indicates, is to design a double-
track railway arch bridge of the Two-hinged Spandrel-braced type. While the
main part of the work is to give numerical computations and designs of the arch
under consideration, equal effort is given to the theory and principles which con-
trol the design, and of the same time special attention has heen paid to those
things which affect the adaptability and utility of the arch. It is the aim of the
writer to give critical study to the relative merits of arches and other kinds of
bridges having equal chances of adoption; between two-hinged and three-hinged
arches ; between spandrel-braced trusses and arch ribs either with solid or open
webbing; and finally between two-hinged spandrel-braced arches with and with-
out cantilever arms. The study is not complete on account of the limited time
available, but it disposes the facts and conclusions arrived at in a straightforward
manner.

To obtain rigidity in a two-hinged arch and to do away with the uncertainty
of stress distribution after erection, an expedient is resorted to which makes the
arch a comhination type, so called because it possesses the advantages of both
two-and three-hinged arches. The arrangement is such that the dead lood stress-
es follow the law of the three-hinged arch while those due to live load, impact,
wind, temperature and braking forces are controlled by the theory of the two-
hinged arch.

Much has been said relating to the strength and stiffness of two and three-
hinged arches, both in engineering literature and theses of graduate students in
the College of Civil Engineering of Cornell University. As the amount of investi-
gation has been large it seems advisable to collect all the conclusions and results

obtained so that it may be in good sbape for immediate reference. The present
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thesis does this summarising in a very briel form but nothing of importance has
been lost sight of.

Perhaps none of the works mentioned above have touched the problem of
secondary stresses in arches, [t might be interesting to see how these stresses act
in arches of the two-hinged., spandrel-braced type and how they affect the de-
sign, For this reason about thirty per cent of the present work has been devoted
to the calculations of these stresses and to conclusions drawn therefrom. This is
a painstaking task as the span is long and influence lines are to be constructed.

As the greater part of the work in calculating stresses in two-hinged arches
is required to find the horizontal component of the reaction, a portion of the fol-
lowing pages will be directed to the various methods used in the past. both ana-
tytic and graphic, exact and approximate. The relative merits of each will be dis-
cussed and the best ones adopted.

The priucipal dimensions of the arch are proportioned to conform to the best
modern practice with respect to aesthetic and economic effects. Since the only ar-
gument against the appearance of spandrel-braced arches has been its abrupt ter-
mination with a shallow approach span, the present arch will have two cantilever
arms supporting two approach simple spans trussed like a portion of the arch.

In regard to the design and detailing of the arch, it may suffice to say that it
has been done with great care to follow the most modern practice. Specifications
of American Railway Engineering Association were adopted.

In preparation for the writing of this thesis a vast amount of material has
been collected from books. theses and journals. Instead of giving the references
separately, each will appear where it is used. Things that are common to all
hooks will not be referenced because only features which differ materially from
others merit a reference to its source so that the original article may be consulted
for further study.

Attention is called to the following schemes which were developed hy the
writer; Approximate method of constructing the influence line for horizontal
thrust (p. 90); dead load stresses for unequal panel loads (p. 119); method of
increasing the accuracy of displacement diagrams (p. 157); and {inally the ar-
rangement of table for the solution of equations in calculating secondary stresses
(p. 432).

In conclusion the writer wishes to express his indebtedness to Professor H.

S. Jacoby under whose directions the present work is undertaken.
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PART I. INTRODUCTORY CHAPTERS

CHAPTER I. HISTORICAL NOTES

Masonry arch is one of the oldest types of extant bridges and was prohably
originated in China. * Through gradual changes in the art of bridge building and
to meet the demand of heavy structures for railway traffic, metallic arches of sol-
id rib type were invented, the first cast iron arch being built at Coalbrockdale,
England in 1776. @ In 1867 there appeared a foot bridge over the Bollat Fall at
Hohenschwangan, which was the first arch of the spandrel-braced type. %

Perhaps the oldest two- hinged spandrel- braced arch is in America, the one
at Corondelet Park, St. Louis, built in 1887. The arch crossing Noce Schluct was
built threc years later, in 1890. In the year of 1897, the well known suspension
bridge at Niagara Falls was replaced by Niagara Falls arch of 550 feet span, then
the longest two- hinged spandrel- braced arch in the world. In the same year,
Mill street bridge at Watertown, N. Y., was completed. Next on the list comes
the one in Germany built in 1899 crossing the Rhine River, The arch of Maine
St. , Waterport, N. Y., was completed in 1900 and that of Costa Rica, in 1902.
In the year of 1905, another monumental arch of the two-hinged spandrel-braced
type was built in Africa, the Zambesi bridge crossing Victoria Falls. The first
arch of the combination type was completed in the year of 1911, the bridge over
Crooked River designed by Modjeski. The arch over St. John River, Canada, was
built in 1914, which having a span of 565 feet is the longest two-hinged spandrel-
braced arch in existence at the present time,

It is thus seen that the development of two-hinged spandrel-braced arches
has been very rapid in recent years. This is partly due to the fact that this struc-
ture is the most favorite type among arches for railway traffic, and partly due to

the recent perfection of the theory of statically indeterminate structures.

I: A Treatise on Arehes, Howe. p. 1.
& History of Bridge Engineering, Tyrrell, p. 308.
% Modern Framed Structures, Part 111., p. 10.
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CHAPTER 1I1. GENERAL COMPARISON
OF STEEL ARCHES

Whether an arch bridge is preferable to others has long been a question in
engineering profession. Not only there are different opinions between arches and
other kinds of bridges, desultory controversies have been kept in arches them-
selves, among which the problem of the number of hinges is the most serious
one. And yet the question is not settled even with the number of hinges known,
as for each kind of arch there are different types of trussing and webbing,solid or
open, spandrel-braced or braced rib. Undoubtedly to go deep into this prohlem
would be beyond the scope of this thesis , the writer will therefore suggest to
give the discussion as hrief as possible aithough it might not be so short as 1o {ail

to point gut the adaptability of the arch wbich is going to be designed.
Art. 1. Relative Merits Between Arches and other kinds of Bridges

Stee] arches have a rational application only where Nature has provided nai-
ural abutments. T In orher cases unless the erection difficulties be large. other
kinds of bridges are generally preferable. It is only where there are deep gorges
or shallow streams with rocky bottom that arches are economical,? although
sometimes they are huilt for aesthetic purposes. Mr. Grimm® considers the arch
to be the only type suitable for long spans. He points cut the objections of other
kinds of hridges as follows; Cantilever bridge is not rigid, great deflection oecurs
at joint of spans, while its advantage of erection is sharcd equally well by arches.
Continuous bridge has uncertainty of stress distrihution due to yielding of sup-
port and high secondary stresses. Suspension bridge is influcnced by temperature

and yielding of anchorage, and further it is not economical.
Art. 2. Relative Merits Between Two-hinged and Three-hinged Arches

“Three-hinged arch is statically determinate while two-hinged arch is stiff”

is an expression so well known tbat there is no slightest doubt. The advantages

)

) Engineering Record, Vol. 68, p. 321.
Zi Bndge Engineering, Waddell, p. 618,
%) Transactions of A, 8 C. E. Vol. 71, p. 233
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of three-hinged arches are; simplicity of computation and adjustment; absence of
temperature stresses and adaptability to places with limited headroom due to the
shallow depth at the crown. & The advantages of two-hinged arches are stiff,
rigidity and absence of kink at center which is objectionable for railway tratfic. It
must be acknowledged that the disadvantages of each are shared by the other. al-
though not in the same extent. For instance, the yielding of supports affects
greatly two-hinged arch, but it also affects three-hinged arch in a small extent?,
while the sagging of lower chord of three-hinged arch due to temperature
changes is also noticeable. ¥

In regard to the stiffness of two-hinged and three-hinged arches, a general
conclusion reached is that the deflection in the center of the three-, two-. and no
hinged arches from a load at center is about as 6 to 2 to 1.  The following inves-
tigations are made by the graduate students of Cornell University:

(1) Two-hinged arch deflects more at quarter point but less at center than
the three-hinged arch for loads near the center. ®

(2) The influence lines for deflections have the same general form for the
two arches,the maximum deflection of any panel point due to a single load occurs
when the load is over that point. The loading which produces the maximum de-
flection is not the same as the loading which produces the maximum stress in any
part of the members. €

(3) The distribution of deflection has been such that a sag will be {formed in
the two-hinged arch between the quarter point and the center while the three-
hinged arch will give a more uniform grade.

There has been no decisive conclusion arrived as to the relative weights of
two- and three-hinged arches. The analysis of Mr. Hudson showed that two-
hinged is lighter than three-hinged®, while that of Mr. Davis showed two-hinged
is heavier than the three-hinged arch. ®

Another advantage in favor of two-hinged arches is found in the fact that the

Design of Steel Bridges, Kunz, p. 347,

ey
=i

& Bridge Engineering., Waddell. p. 818,

3 Higher Structures, Merriman & Jacoby, p. 218
@) Design of Steel Bridges. Kunz. p. 1185

7 Thesis No. 728, p. 87. Thesis No. 42, p. &b
@ Thesis No. 42, . 67. ,

7 Thesis No. 42, p. b&.

& Transactions of A. 8. C., E. Vel. 43, p. 30
@ Thesis No. 58, p. 42,



