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NATIONAL HISTORIC CONTEXT AND SIGNIFICANCE
OF THE GENERAL SULLIVAN BRIDGE

Summary

Research has identified and defined the early developmenotpE continuous truss highway
bridges in the United States as being from 1927 to 1937. This peam@neceded by a ten-year
period beginning in 1917 during which time the continuous trussadilbridge was developed.

The General Sullivan Bridge is one of four major bridgethe same type, style and time period
designed by the firm of Fay, Spofford and Thorndike, #sat& group significantly influenced
future continuous truss highway bridge design in the areasedadiology, aesthetics and
construction methods. Fay, Spofford and Thorndike (FS&mains in business today and since
forming in 1914 established itself as a bridge engineeringdfrnational importance.

A significant advancement in the technology and adsthet continuous truss highway bridge
design came with the building of the Lake Champlain Bridgd the three other bridges in
which the original design was refined and improved upon.

The Lake Champlain Bridge, completed in 1928, was the thijdrmoantinuous truss highway

bridge built in the U.S. It was a highly innovative and laetst design that placed the roadway
above the side trusses and through an arched centerTthesdesign was called "ingenious" for
its deck layout that "provided the necessary clearanerichspan with such economy in the
approaches.”

The second bridge of the group was the Little Bay Bridgepdeted in 1934 and later renamed
the General Sullivan Bridge. It represents an imporséep in the evolution of the continuous
truss highway bridge for three reasons: it incorporatediapeatures of the lake Champlain
prototype that were proved economically sound; the pracmalication of a new technology
for weighing bridge reactions was demonstrated in its oectgin; and it established, or helped
establish, a markedly reduced economical span lengthdamatfitinuous truss.

The third and forth bridges of the group were identicallauitd to span the newly widened Cape
Cod Canal. The Bourne Bridge (1934) and Sagamore Bridge (19B&duhigh-strength silicon

steel to establish a new long-span length for theilgdegust 11 feet shy of the U.S. record. The
longer span required a deeper truss and taller arch froohwHe roadway deck was suspended.

The unique three-span deck/thru-arch/deck continuous trussgesigeered by FS&T proved
to be a highly successful solution for large and smglhway bridges around the country where
aesthetics and the cantilever construction method wecessary factors and was copied for
years to come.

The General Sullivan Bridge is an important early edampa continuous truss highway bridge

in the U.S. and its design and construction contributguifeiantly to the advancement of 20
century American bridge technology.
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Continuous Truss Railroad Bridges

The use of continuous trusses for highway bridges itJtBe did not begin until the mid-1920s.
Prior to that time, only a few large continuous trussiges had been constructed to carry
railroads over large rivers and with one exceptiondated from 1917 or later. For obvious
reasons the great advances in American bridge technologlyg the late 10 and early 20
centuries were primarily the work of the railroads.

Most historical engineering texts and papers credit tinedaction of the continuous truss bridge
to America to 19 century railway bridge engineer, Charles Shaler Srifitie. Lachine Bridge,
designed by Smith and built 1887-1888 to carry the CanadiaficPRailway over the St.
Lawrence River near Montreal, was a monumental streatith two central thru-spans of 408’
each and two side spans of 269' eacfithe Lachine Bridge was considered to be the only
continuous truss of "any importance" built in Americailll®215 when construction began on the
Sciotoville Bridge to carry the Chesapeake and Ohio NortRailroad over Ohio Rivet.

The Sciotoville Bridge was designed by Gustav Lindenthdbrilliant Austrian-born engineer
who came to America in 1874, built several of the cotmtgseatest bridges including the highly
acclaimed Hell Gate Arch Bridge, and ultimately becdmewn as the "Dean of American
Bridge Engineers? When completed in 1917, the Sciotoville Bridge - witto taontinuous
spans of 775' each — was the longest and heaviest fulitedivtruss in the world, a title it
retained until the building of the 839' Duisberg Bridg&ermany in 1935. Through his works
and his writings, Lindenthal became a leading authority@o@onent of the continuous truss
bridge right up to his death in 1935.

Articles on the Sciotoville Bridge in engineering journiald to further interest in the continuous
truss type® A detailed series of articles on the building of thiede by C. B. Pyle, field engineer
for McClintic-Marshall Company, the fabricator andeewor of the bridge, furthered the
understanding of the practical technicalities involved iairtltonstructiod. The American
Bridge Company, McClintic-Marshall's larger competitor, erkbd on their own continuous-
truss research and development project, and in 1918 desigtexbapleted the second major
bridge of the type in the U.S. to carry the BessemerKelErie Railroad over Allegheny River
at Pittsburglf. The Bessemer and Lake Erie Bridge consisted of two B-apatinuous units, the
longest span being 520 feet. Also in 1918, Canadian enginesgleted the Hudson Bay
Railwsgly Bridge over the Nelson River in Manitoba with a 4@0iter span and two 300" side
spans.

Discussion of the economical applications of continuouglgbs and the analysis of
indeterminate structures and secondary stresses follohesk tpioneering structures and
continued through the 1920s and into the 1930s. Papers andotextbn the subject were
published by many of the leading engineering professors anttiprers'®

Lindenthal's detailed account of the design of the t8eille Bridge in theTransactions of the

American Society of Civil Engineegarnered comments from such learned engineers of the day
as C.A.P. Turner, J.E. Greiner and D.B. SteinffarMost debate hinged on the economy of
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continuous versus simple span truss designs because Lialdéath not only advocated the
continuous span in place of the long-span cantilever,alaat as an economic alternative to
simple truss spans in many lesser-span situations. Aftegngthy and detailed argument,
Professor Turner found that while Lindenthal "disclosesitarious details in advance of current
practice,” his conclusion on the economical virtueshef ¢ontinuous truss for moderate spans
"differs from the majority opinion of American bridgagineers because of lack of demonstrated
economy on a scientific mathematical or design basis

Lindenthal effectively rebutted Turner's economic argumiey explaining that the added
stiffness and greater resistance to impact and windslaffidrded not only by the continuous
girders, but by the continuous lateral bracing, produced arbetidge better suited for high
levels, high wind areas and high speed traffic, and wouldepea@nomical in that respect not
only for moderate but shorter spans as Well.

Steinman was squarely in Lindenthal's camp, calling théireayus truss "an excellent bridge
type, offering decided advantages (under suitable condjtiover practically all other forms of
construction...its general adoption for fixed spans hag lmen retarded by prejudices based on
erroneous notions...a proper comparison with correspondingesspans will generally show a
substantial saving of material in favor of the continuauscture.™

Another landmark paper which provoked extensive discussidmrarch acclaim was entitled
"Secondary Stresses in Bridges" by Cecil von Abo publishetioP6'®> Abo compared the
various methods pertaining to secondary stresses, apphghgi@a 150" Warren truss railroad
bridge. The ensuing discussion again showed fundamentatangdlex disagreement among
engineers as to the preferred method of solving for siecgrstresses and even the importance
of doing so.

Continuous Truss Highway Bridges

Lindenthal again led the way with what is apparentlyfits modern continuous truss highway
bridge of indeterminate design in the U.S. of significartbe, Ross Island Bridge over the
Willamette River in Portland, Oregon completed in 19Rigre 1). The Ross Island Bridge
incorporated an arched center span of 535' and half-archedpside af 321" with a concrete
slab roadway carried aboV®. Lindenthal completed another continuous truss highwaigeéri
over the Willamette in Portland in 1927 as part of theesaammission, the Sellwood Bridge. It
was also a deck bridge but with parallel-chord trusses amdaximum span of 300 feet.
Lindenthal built two continuous truss highway bridgesleterminate design in 1880 and 1890
based on the counterweighted funicular principal, see'fhot

The Ross Island and Sellwood bridges did not receive rneguerage in the engineering
literature at the time of their completion. One dnaaticle discussed the unique method of
closing the arch of the Ross Island Bridge without igkthat instead utilized the careful
calculation of the expansion of the steel truss dulkealaily temperature chanffe.
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Lake Champlain Bridge

Following right on the heels of Lindenthal was the eagring firm of Fay, Spofford &
Thorndike (FS&T) who in 1927 began the design of a long-spatinuous arched truss bridge
to span Lake Champlain. The bridge was an innovativehegidy aesthetic design with the
roadway deck carried above the side trusses and througinctied center trus&igQure 2). The
bridge was called "ingenious" for its deck layout that "provittednecessary clearance at mid-
span with such economy in the approactes.Frederic H. Fay, Charles M. Spofford, and
Sturgis H. Thorndike were all highly accomplished bridggimeers and their firm's bold design
must have been partly driven by a desire to establishipemae in the rapidly expanding field
of long-span highway bridge design.

It was agreed at the outset by both the engineers andwher (Joint [Bridge] Commission of
New York & Vermont) that the bridge "should have asapieg an appearance as possible" due
to its conspicuous height and the historic importancehefsite’® In designing the Lake
Champlain Bridge, Spofford states that he "found it imfdesdd sketch any simple span design
that was at all satisfactory in appeararfce.He also considered cantilevered and suspension
bridges, but discounted each for various reasons, setiiallyfon the continuous type, which
he decided "can be given a more pleasing appearance,teansigh economy, than any of the
other types of truss bridge¥."Design of the Lake Champlain Bridge was begun August 2, 1927
and the final plans accepted November 15, 82T his places the FS&T design at the very
forefront of continuous truss highway bridge construciiothe U.S.

Steel Bridge Aesthetics & Further Development

The innovative and highly successful integration of adsthento long-span truss design by Fay,
Spofford & Thorndike was a significant development. Acan bridge engineering treatises
have included extensive sections on the aesthetic desigridges since the late @entury.
Bridge designers were instructed to consider the fundametalgbes of artistic design in the
order of their importance: symmetry, style, form, dimens, and ornamentation. Occasional
commentaries on the elements of good aesthetic desidrbeauty as it pertained to bridges
appeared in the engineering press in the eachZé@tury, but it was during the 1920s that the
movement picked up considerable speed, coinciding withatiger societal movements toward
aesthetically designed public spaces like the City Bedatovement.

The divergent opinions that existed regarding bridge "athrte" and aesthetics came to light
in 1920 following a story ifengineering News Reco@bout a highly decorated concrete bridge
built in Philadelphi€* A war was waged in a series of articles, editorgald letters over the

relationship between art and structures and betweenetshdand engineers, and over who was
more qualified to judge what is aesthetically pleadihgForemost among the causes of the
dispute, was the rapid development and adoption of reedoconcrete bridges for the nation's
expanding highway network. Moldable into virtually any shapéoam, economical, and well

suited to arches, concrete at first ushered in a gastedturn to the classicism and heavy
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decoration found in earlier bridges crafted of stone. Busymbiotic relationship quickly
developed between concrete and the new architecture aémdism, promoted by Frank Lloyd
Wright, Le Corbusier, Mies van der Rohe and others. fiamadity meshed with Machine Age
philosophy to become Functionalism expressed in Modernistincrete bridges. The
traditionalists and the progressives were at each stieoats.

Longing for the days of stone, “old school” bridge ieegr Gustav Lindenthal weighed in with
an article inScientific Americanin 1921 entitled “Some Aspects of Bridge Architectuffe.”
Lindenthal found fault with nearly everything that wesppening in the bridge business, but had
special vehemence for the current art of steel bridgidibg: “there is no thought of
architecture, or of durability or of pride in the art.e tnost naked utilitarian considerations are
allowed to govern the design... it has become a couniafieed trade which has been prostituted,
under the pretense of scientific economy, to the praoludf the cheapest structures that will
carry the loads?®

Meanwhile, concrete bridge technology gloriously advansediched into long delicate arches
or molded into highly stylized Classical, Art Deco andddm forms. Each year increasingly
stupendous and unarguably beautiful concrete bridges were gpinBy 1929 the structural
steel industry had had enough. The American Institute @i Senstruction (AISC) established
an award to be given annually to the “most esthelittisn to a problem in steel construction.”
The first award was given retroactively to th8 Street Suspension Bridge in Pittsburgh
completed in 1928. For 1929 it was decided to give three awareldpolong span bridges, one
short span and one honorable mention, the latter givéire Lake Champlain Bridg&.

The AISC's director of engineering services, F.H. Heamk presented a paper to the Canadian
Good Roads Association in 1929 in which he noted that the pdgsbior continuous bridge
design was now recognized by engineers and continued tohgairfavor. The bridge type had
"generally come to be accepted as the full equivatdnbther types where field erection
conditions and economy in material pernitt.'Continuous trusses were increasingly being found
more economical than cantilevers for long span highwaggés. The first continuous-truss
highway bridge over the Missouri River was designed byfitne Sverdrup and Parcel and
completed in 1929 at St. Joseph, MissdUriThe bridge had two 450" thru-spans and resembled
a cantilever design with panels of varying depth igreato a maximum over the center pier.
The next year the Strauss Engineering Company of Chigagmed the Mississippi at Quincy,
lllinois with a parallel chord truss design that inamgied two-spans of 627' each and
established a new record for continuous truss highway tsidgeThe design of these two
bridges demonstrated the potential economy afforded by pleeviirien aesthetic considerations
are removed from the equation.

In 1930 the AISC decided to give three awards based on a 'bridgst: Class A, over $1
million; Class B, $250,000-$1 million, and Class C, less $260,000. The press coined the
term “most beautiful steel bridge of the year award’chtstuck. The Class B award went to a
short-span continuous arched truss deck bridge in Deltdsconsin, similar in design to
Lindenthal's Ross Island Bridge. Two more continuous arched truss deck bridges received the
AISC's awards in 1932: the French King Bridge in Massaclug€iass B) and the Byran
Bridge in Nebraska (Class &).
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With all this attention and awards being heaped on asmti trusses, Lindenthal came forward
to set the historical record straight on his prioritgd @reeminence in the business with an article
in Civil Engineering (1932) entitled "Bridges With Continuous Girders; Reviewingf Hal
Century of Experience in American Practi¢é.”Lindenthal described his experiments with
funicular bearing bridges in the "1 @entury (see note 15) but made a special point of mentioning
Spofford's 1931 article on the Lake Champlain Bridge, notiAgsimilar structure, the Ross
IsIandBSBridge, having arched continuous girders, was luntter my supervision in 1925-
1927.

Little Bay Bridge, later named General John Sullivan Memorial Bridge

The contract for design and construction supervisiohet ittle Bay Bridge was given to FS&T
by the New Hampshire Toll Bridge Commission on April 11, 1938 lay July 27 the plans for
the superstructure were complete and advertised for(Bidare 3). Foundation construction
began July 27, 1933 and on September 5, 1934 the bridge was opémdittS Engineering
News-Recordalled the General Sullivan Bridge and the companion BglRiver trestle bridge
"exceptional structures, which are notable in design arctplarly for the construction methods
employed.®’

The design mimicked the acclaimed Lake Champlain Bridgdn whie same innovative
arrangement of deck side trusses and arched center thsuhtatiseduced the height and cost of
the approach grades while achieving the necessary high-leaehel clearance. The Little Bay
Bridge represents an important step in the evolutiomefbntinuous truss highway bridge for
three reasons: it incorporated special features of RE&T prototype that were proved
economically sound; the practical application of a meghnology for weighing bridge reactions
was demonstrated in its construction; and it establisheaglped establish, a markedly reduced
economical span length for the continuous truss.

Special features

The special features included the innovative deck layoutquslyi discussed, and the use of a
state-of-the-art concrete deck design. The slab wafreed with "welded bar trusses spaced 6
inches between centers and welded into mats by adding d@aseacross the trussés. This is

an early use of so-called "unit trusses" for reinforeetn but exactly how early was not
determined. Another deck feature was the two-layer corigtnuwith the top wearing surface
separated from the structural slab by a burlap "cleavage fab permit the top layer to be
removed if it wears out without disturbing the floor-sidb."The design of the dove-tailed
sliding-plate deck expansion joints and the double-stepped gun@re also mentioned in the
articles on the bridge as being of nffte.
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Technology

Spofford advanced the method of weighing bridge reactionthenfield by using newly
developed proving rings of unprecedented accuracy to adjusintheeactions on the General
Sullivan Bridge®!* This was the first time the method had been used @mge kontinuous
bridge. Spofford also used the rings on the later BourdeSaigamore bridges and brought his
findings to his colleagues in a 1935 artitde.

The determination through field measurement of the aetwadt weight that a continuous bridge
bears down upon each of its supporting bearings is negeéeseonfirm that the erected structure
conforms with its mathematical design. Spofford st#tes "the assumed reactions at the piers
are seldom if ever attained because of such things as shangige relative elevation of the
piers, variations in the modulus of elasticity oflbup steel members, and differences in length
of the various truss members as they come from thieéing shop.®

Weighing and adjusting the reactions of continuous bridgesdaas by Lindenthal and others
with hydraulic jacks coupled to pressure gages and witmsjegges. Spofford used hydraulic
jacks with gages on the Lake Champlain Bridge but foundigthod to be unsatisfactory due to
the ig?bility to measure the friction in the jacks aodiaintain the gages in calibration in the
field.

The proving rings used by Spofford were patented in the mid-1&&0sonsisted of round steel
"donuts" with sensitive measuring instrumentation insertetlinvihe ring. When a load was
placed on the rings its deformation could be measuredextteme accuracy. The proving rings
used to measure and adjust the General Sullivan Bridge meanufactured by Morehouse
Machine Company of York Pa., and were of 200,000 pound capacity amt accuracy
guaranteed to one-tenth of one percent. The rings wetally sensitive enough to detect
differences as small a 2 pounds and the operator founolufek detect disturbances due to a man
standing on the bridg®8.

The first use of proving rings in bridge construction was933 when David S. Fine, an erecting

engineer with the American Bridge Company, used the dswic measure the reactions of a
bascule bridge the company built in New Jersey. Spbffas the second to use the rings, and
the first to utilize the method for continuous trusestouction®®

New economical span length

Although overlooked in the engineering literature at thetithe design of the Little Bay Bridge
was particularly notable for its main span length of 2t continuous unit length of 675"
These lengths approached nearly half the length of the Calamplain and French King bridges
and may have constituted the shortest continuous archssl luilt to date. This is significant
because in the case of the continuous truss, the tasktavdemonstrate that the type could be
economically suited for shorter spans, not longer sgaash type of bridge has a range of span
length for which it can be used to advantage over otipexstyadjusted for variables such as site
conditions and loading. In the overall development ghwiay bridges during the expansion of
the nations highway systems, improving the economy aritledes of short-to-moderate spans
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was far more important than the few record setting-Epan bridges that garnered the greatest
attention. The addition of a very aesthetically afipgaruss design that could be built with the
cantilever construction method and prove economicatfedium span lengths was an important
advancement.

Bourne and Sagamore Bridges

The Bourne and Sagamore Bridges were designed by FS&hdadkrmy Corps of Engineers to
span the newly enlarged Cape Cod CaRajure 4).*” The Bourne Bridge opened first in 1934
and received the AISC "Class A" award for most bealusteel bridge of that year; the
Sagamore Bridge opened in 1935 and received honorable mentibe ®lass A categofy.
The three-span continuous arch unit is identical ontwe bridges, with the Bourne Bridge
additionally equipped with two simple deck-truss approachspaeach end.

With the economical short-span length establishedhfair trademark continuous truss design by
the General Sullivan Bridge, the Cape Cod Canal pro@etpresented FS&T the opportunity to
establish a new long-span length for their design. At 6hé',Bourne and Sagamore spans
exceeded the Ross Island Bridge by 81 feet and were jusiiyibf the record span length for a
continuous-truss highway bridge apparently set in 1930 by thee@Memorial Bridge over the
Mississippi River at Quincy, Illinoi§’ These two long bridges however, were still roughly 150"
shy of Lindenthal's 1917 Sciotoville railroad bridge.

In addition to the forty-percent increase in span leng#t the Bourne and Sagamore bridges
represented over the Lake Champlain Bridge, they werngrasto use high-strength silicon
steel. Although the steel cost was 12.8 percent moreotitimary carbon steel, the stronger steel
allowed a reduction in the size and cost of the indivigo@mnbers and resulted in a savings of
approximately $50,000 for the two bridg®s. This was not the first use of silicon steel in
continuous truss highway bridge construction, at least dtther bridges, the 1929 Missouri
River Bridge at St. Joseph and the 1930 Quincy Memorial Bridge the Mississippi made
extensive use of it

The Cape Cod Canal bridges also differ significantlynfrine Lake Champlain and General
Sullivan Bridges in the profile of the arch and the roadieaations, as shown in Figures 2, 3,
and 4. The longer span required a deeper truss and tadkerla order to keep the roadway
grades within prescribed limits, the deck was suspendedtfie arched truss rather than carried
at the level of the lower chord members. This arrangénaas dictated primarily by site
conditions, specifically the required channel clearamgening of 135" high by 500' wide, and
the limitations of the possible approach configurations.

End of the Development Period
The mid-1930s appear to mark the end of what can be coegittee development period of the

continuous truss bridge in the U.S. The type began tbreeel use in a wide range of spans and
the AISC continued to give the type awards nearly eveay. YReferring to bridge developments
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in 1937, A.L. Gemeny, senior structural engineer for the BuBeau of Public Roads said "in
the field of steel bridges multiple simple spans havesirgone into discard...continuous beam
and girder spans are being generally adopted for interteeddagths ...for long spans
continuous trusses and cantilevers are ued."

In 1935 two major bridges designed by the firm of Waddell aadiésty were completed over
the north and south branches of the Niagara River amd>island Figure 5). The south bridge
was a near copy of the Cape Cod design with a cdmiesspan and a suspended deck, the north
span was a deck bridge. Both Grand Island bridges had mquly deehed side spans than the
FS&T designs, which were essentially flat. The noridde with the deck truss won the AISC
"Class A" award for 1935, beating the Sagamore Bridge wkinéived honorable mentidh.

Non-arched two-span thru-trusses like the 1929 St. JosegbeBover the Missouri River and
the 1930 Quincy Bridge over the Mississippi continued to beitékerred design for continuous
truss bridges over the big mid-west rivers. Two examplesthe mile-long Missouri River
bridge at Omaha with a 2-span continuous truss of 1050' Ipvevmpleted 193%Figure 6) >*
and the Mississippi River bridge at Hannibal, with a twaaspantinuous truss 1125' long,
completed in 1938° Continuous deck trusses were also seeing more widespreath us
approaches to the big river bridges, as shown by the $ipg®e-continuous-truss deck units of
222' span that were used as approach spans to the 740' susppasi®of the Mississippi River
Bridge at Davenport, low¥.

State highway departments continued to gain confidence ignidesg continuous bridges in-
house. The Kansas Highway Commission adopted continpans and built rolled-beam, plate-
girder and continuous truss bridges with an estimated sawing8-30% over simple spans.
The Montana Highway Department also "turned definitelycontinuous spans” and in 1938
extended the possibilities of the short-span archetintmus truss highway bridge with a three-
span deck truss (84'-168'-84) over the Middle Fork of the édaktiRiver at Belton Montana. The
bridge was built at an amazing cost of only $74,815 and woAIBC Class C award for 1933.

The unique three-span deck/thru-arch/deck continuous trussndeisigeered by FS&T was
copied for years to come for major and minor highwayldes around the country where
aesthetics and cantilever construction were necesaergr$. As new bridge technologies and
design concepts developed they were integrated into thgndgpe to create hybrid forms of
continuous arched truss bridges. The monumental 53-span Susgaétiger between Havre de
Grace and Perryville, Maryland, designed by J.E. Greindrcampleted in 1941, used two 3-
span units identical in appearance to the Cape Cod Caxaglebyibut supported by pinned
Wichert rhomboid panels over the piers to make theatically determinate structur@s. The
1949 Julien Dubuque Bridge over the Mississippi at Dubuque, &stgblished a new world's
record for a continuous truss by using the deck structusmgian to tie the 845' main arch span.
The tie allowed a 25% reduction in the height of the aesulting in significant savings in
material and erection costBigure 7).%°
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Engineersof the General Sullivan Bridge

The engineering consulting firm of Fay, Spofford & Thaike was established on July 1, 1914
by Frederic H. Fay, Charles M. Spofford, and Sturgis Hormdike. All three men were
classmates and graduates of the Massachusetts Instifieermology civil engineering program
and studied under George F. Swain. Fay and Spofford gradiogfetther in 1893, Thorndike
graduated in 1895 and they remained in contact thereaftearfehy horndike worked together
as engineers for the City of Boston for over fiftegrars, and Thorndike taught occasional
courses at MIT where Spofford was a full time professor.

Frederic Harold Fay

Frederic Harold Fay was born in Marlboro, Mass. oly 5 1872 and died at his home in
Dorchester, Mass. June 5, 1944. Following completion oBhhelor's degree at MIT he was
accepted to the school's new graduate program. In 1894 hedé&uaifirst person to receive a
Master of Science in Civil Engineering from MIT. Fapnked briefly for Boston Bridge Works
and then in 1895 joined the engineering department of tlyeo€Boston where he rose to the
position of Engineer in Charge, Boston Bridge and FBmsion, Department of Public Works.

In 1909 Fay authored a paper with Spofford and another citinesry J.C. Moses, on the
reconstruction of the Boylston Street Bridge over Buston and Albany Railroad, a major
undertaking for the cit§* He resigned from the City in 1914 to join in partnerstih Spofford
and Thorndike. Fay took an interest in large scale plarprimgcts and became the firm's expert
in that field. Among his many projects one of the largeas the design of the $25 million
Boston Army Supply base at South Boston built 1918 to 19&9was chairman of the Boston
Planning Commission from 1922 to 1939, a member of the StataiRg Board, and a president
of the Boston Society of Civil Enginee¥s.In 1948, to commemorate its 100-year anniversary,
the society asked several of its leading members to antitdes on the outstanding contributions
to engineering made by former members. Spofford was askedrite about those who
contributed the most to the field of structural engimegrnd chose three: George F. Swain
(1857-1931), Joseph R. Worcester (1860-1943) and Frederick H. Fay (187231 ®@offord
pointed to the Lake Champlain Bridges (FS&T also desighedRbuses Point Bridge over the
lake in 1937), his port and maritime studies and designs, angrdde crossing elimination
project céaesigns including the massive Syracuse project etedpby the New York Central
Railroad:

Charles Milton Spofford

Charles Milton Spofford was born in Georgetown, Masssetta on September 28, 1871 and
died in Newton, Mass. July 2, 1963 at the age df9llike Fay, Spofford also did post-graduate
studies in civil engineering from 1893-1894, but it is not ckdre completed his Masters
degree. He co-authored a thesis in 1893 for his B.Sc. degidedetAn investigation into the
action of elliptical car spring$® Spofford worked for the Phoenix Bridge Company from 1895
to 1899, but only summers from 1897-1899 when he taught in the Mifiesmgng program as
an assistant instructor during the school year. He tatgiitT full time as an assistant professor
from 1903 to 1905, then accepted a professorship in civil engugeatriPolytechnic Institute of
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Brooklyn from 1905 until 1909. In that year he returned to MdTatcept the position of
Hayward Professor of Civil Engineering where he remainétiua retirement in 1954.

Spofford published a college engineering textbook in 1911 entitled Theory of Structures”
which became a standard and was republished in four editienigst being in 1939. He was
not a prolific writer or engineering theorist howevklis only other major work was his 1937
textbook The Theory of Continuous Structures and Arctwisch joined several other in an
increasingly crowded field. He wrote about ten artiétegournals. Useful contributions are the
Boylson Bridge article he wrote with Fay, a detailecestigation of highway bridge floor types,
a historical piece on Thaddeus Hyatt - an early Americaantor of reinforced concrete, a
method for the division of bridge costs between str@étvays and cities, and his report on the
use of proving rings that resulted from his work on theega Sullivan Bridg&® His other
half-dozen articles reported on the salient featuresnpbrtant bridge design work done by
FS&T, but did not really add materially to the greatetybof engineering knowledd&. In 1942
he chaired the American Society of Civil Engineers @& in-house sub-committee that
reported on the Tacoma Narrows Bridge collafse.

Sturgis Hooper Thorndike

Sturgis Hooper Thorndike was born June 11, 1868 in BevBtagsachusetts. He received a
B.A. from Harvard in 1890 and a B.Sc. in civil engineeringnfrMIT in 1895. Following
graduation he entered the employ of the City EnginedBaston where he spent the first 18
years of his career. His work for the city involvedaege amount of bridge design, and in 1906
he was made assistant engineer in charge of bridgendésighad a major role in many of the
city's prominent bridges including the Longfellow Bridge otlee Charles River to Cambridge.
Between 1904 and 1906, he was granted a leave of absencéh&odity during the school
terms to teach engineering courses at MIT. In 1911 hepwasoted to Designing Engineer of
the Bridge and Ferry Division of the Department of Puldliarks, but later in the year resigned
the position to establish a private consulting practic&9¥ he formed a consulting partnership
with fellow MIT alums Fay and Spofford. Thorndike remed a principal of the firm until his
death February 16, 1928 at the age of sikty.

Howard James Williams

Howard James Williams, of Fay, Spofford & Thorndikayed as "assistant engineer in charge
of detailed design" on the General Sullivan Bridge prdfecWilliams was born in Kingston,
Canada in 1895, received his B.Sc. in civil engineering fro®e@s College, Kingston in 1917,
and his M.Sc. in engineering from MIT in 1920. He worked &esal firms as an engineer on
hydropower developments at Niagara Falls, Quebec and Matid926 when he joined FS&T
as a senior engineer. He became a partner in 1947 anticen/difector of the firm in 1956. His
obituary was not located but he was still with FST in 1964ddition to his bridge design work,
Williams was chiefly responsible for design work on New Jersey Turnpike and the Port of
Portland, Main€?
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Andrew Peter Ludberg

Andrew Peter Ludberg, was employed by the Lackawanna Staedtruction Corporation as
Resident Engineer in charge of the steel superstructuteedrittle Bay Bridge’? Ludberg was
born in 1889 in Ostersund, Sweden and immigrated to the UWéh e was four. He received a
B.Sc. in civil engineering from the University of Wissimin 1911 and after graduation joined
the engineering department of the Chicago, Milwaukee, &fl. & Pacific Railroad. He worked
for the American Bridge Company as a structural draftsimean 1913 to 1921. Between 1921
and 1927 he was associate professor of civil engineeritig dfniversity of Idahd® He briefly
returned to American Bridge Company, but soon accepteg@gdsiéion of chief draftsman the
Lackawanna Steel Construction Corporation. Ludberg poskeas€remarkable skill in
mathematical analysis and insight into the elasticalvior of structures, especially those of the
‘higher' and indeterminate type,” and it likely becaus¢ho$e abilities that he was assigned
resident engineer on the Little Bay Bridge projéctOn April 11, 1934, during his routine
morning inspection of the steel work, Ludberg stepped on attachad section of concrete
formwork on Span 3 and fell to his death. He was the dalglity resulting from the
construction of the General Sullivan Bridge.

General Sullivan Bridge Stress Analysis M ethods

The question has been raised regarding the significartbe afathematical methods used in the
design of the General Sullivan Bridge and whether thegstdoted relatively new or
sophisticated methods to analyze stresses in continuowsuses. The analytical methods
chosen were not new or sophisticated and were appactwoidgn due to their familiarity, ease in
checking, and suitability to be divided among a staftaltulators. Spofford's 1911 textbook
was not the first to bring these methods to light, mmeévidence was found that his treatment of
the subject was considered exceptional by his peers.

Spofford states that the Method of Least Work was usedatoulate the stresses in the
continuous trusses of the bridge and explains the procethunereliminary design was first
made using reactions as determined by the 'Three Momentid&gudis was followed by a
more accurate determination of the stresses applyinge#st Work principle and revising the
section areas accordingl{?" There was nothing particularly novel or significatioat this
mathematical approach to the problem at the time, stave of the oldest mathematical methods
for solving elastic theory problems. Spofford and his "datous" who performed the laborious
and repetitive calculations used the same methods fateisign of the Lake Champlain Bridge
six years earlier. In discussing the Lake ChamplaifeptoProfessor Robert Abbett questioned
the immense labor of using the method of least worlenabetter methods were available.
Spofford replied that he found the least work method prefenabken the computations can be
divided among several staff members.

The "three moment equation” originated with the Frenohineer Clapeyron who studied a

continuous beam with three supports. The load on thercempport depends on the length of the
beam, but also on its elasticity. Clapeyron discoveredathematical relationship between the
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bending moments (three) at each support based on thedndts beam between each support.
He published his theorem in 1857 and it has since been kro@fapeyron's Theorem of Three

Moments>® The reactions on continuous girders can be accurdeédymined using the theorem

if the entire beam is of constant section and natéconstant moments of inertia and modulus
of elasticity), if not then the method requires aeserf repeated calculations in which the
reactions are approximated and results adjusted to ob&iesired accurady.

The Italian engineer Alberto Castigliano (1847-1884) predethte method of least work theory
in his book "Theorie de l'equilibre des systemes elagtigses applications” published in Turin
in 1879. The first to explain Castigliano's theories mglish was MIT (later Harvard) professor
George F. Swain in 1883. It was not until 1919 that Castigliano's book was traedlin full
into English by British engineer E. C. Andrews undertiite Stresses in Elastic Structur&s

The first comprehensive presentation of the method st leark in the U.S. appears to be an
1891 article by William Cain who gave this introductiontie subject:

The method is found to be of very general applicatwall structures in which the laws
of elasticity have to be considered in finding the stiesae in every kind of beam or
arch, trusses of any shape with superfluous members bhegisedms where there is a
continuity in the members or where there is not frleg at the joints, as in nearly all roof
or bridge trusses. It further offers an exact method higlhmwe can ascertain the limit of
error made in our ordinary approximate computations (whichyapply to articulated
systems, free to move at all the joints), and thysoses some of the unknown errors
which are usually included in our "factor of safety,” thoutghas more appropriately
been termed our “factor of ignoranéa".

Probably the best simple introduction to the principié application of the method of least work
is that given by British engineer, Harold M. Martin in 1895:

Every metallic or wooden structure is elastic, and ctutes a spring. If a spring is
loaded by a weight, it elongates, and a certain amoumbk is done in this elongation.
This work is stored in the spring in the form of potentia¢érgy, and can be reconverted
into mechanical work, as is commonly done in clocks arndives. The stiffer the spring
the less it is deformed by a given weight, and henceviesk is stored in a stiff spring
loaded with a 1-Ib. weight than in a light one loaded leystaime weight. Thus if 1 ton is
hung from a steel bar of 2 square inches in sectionwedsis done in deforming the bar
than if it was hung on a steel bar of the same leagthof 1 square inch section. If a
weight lies on a platform supported by four legs of edasiaterial, work will be done in
deforming the platform and compressing the legs.

If there had been only three legs, the ordinary principlestatics would suffice to
determine the weight taken by each leg, which is thenegumitependent of the
comparative stiffness of the legs and the platforrhedy however, we have more than
three legs, these statical principles no longer sifamd to determine how much of the
weight is carried by each leg it is necessary to thtce other considerations. The one
great principle to which such problems can be reducedos/itknn dynamics as that of
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least action, and in such problems as we have beforethatasf "least work." That is to

say that the work stored in an elastic system in sedpdlibrium is always the smallest
. 85

possible:

Martin goes on to describe in simple mathematical $elnow to solve for the load carried by
each leg with a given weight located at a certaineplac the table, and then proceeds into
analyzing increasingly complicated frames.

Through the 1890s up to the mid-1930s, a great number of impartmhes and textbooks were
published on the subject of statically indeterminate siras, several of which are discussed
below. For a broader review of the body of work on shéject, the reader is referred to the
endnote for two excellent historical summaries onstrtgectt®

A paper given in 1899 by Frank E. Cilley discussed the futiify hoping to analyze
indeterminate structures with an exactness and provokerhppdiscussion by such majors as
Lindenthal and Swiss professor C.W. Ritter. Lindenti@led the paper "a contribution to the
old controversy as to whether or not statically deteaibe structures are superior to statically
indeterminate ones, and is a scholarly attempt on flienafive side of the equatioi™ Cilley's
paper was a brilliant thesis that argued with sophisticatathematical reasoning that a
determinate structure can and should supplant an indeternunaten every case, and that
structural redundancy therefore equals structural waste witik had a lasting effect in dividing
American engineers into two camps, and as noted ihigherical section above, it was not until
Lindenthal and several other leaders built majortinopus trusses, and new minds reasoned
their economic validity, that the merit of indetenaiie bridges became generally recognZed.

In 1905 Professor Isami Hiroi of Tokyo Imperial Universiiyote the first textbook in English
(published in the U.S by Van Nostrand) on the use of thénadeof least work to solve for
secondary stresses in bridge tru$8e<Carl Grimm devoted a chapter to using the method of
least work in his 1908 bodkecondary Stresses in Bridge Trusssswell as chapters on the four
other leading methods for solving secondary stressesdétta method, Muller-Breslau method,
Ritter method, and Maxwell-Mohr methd4.

In 1911, the two leading college structural engineering textlaawkors - Johnson, Bryan &
Turneaure and Merriman & Jacoby - came out with newoaditof their multi-volume treatises
that included sections on the complete application efhod of least work: Two more
textbooks, C.M. Spofford§heory of Structure€l911) andlheory of Framed Structur¢$922)
by C.A. Ellis both contained sections on indeterminatgctures and the method of least work.

In 1926, John I. Parcel and George A. Maney publisheAihglementary Treatise on Statically
Indeterminate Stressé€$ This became arguably the leading text on the subject foades,
coming out in three editions until it was complete sedi with a new title and coauthor in 1955
as Analysis of Statically Indeterminate Structufés Parcel was professor of structural
engineering at the University of Minnesota and later a eaitnthe firm of Sverdrup & Parcel.
He called Johnson, Bryan and Turneaure's Mtdlern Framed Structure$he best and most
comprehensive treatment of statically indeterminatessgésin the English languagé."
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The first major American contribution to the anadysf statically indeterminate structures was
made by Hardy Cross in 1930 when he described a new methaddtyzing building frames
that became known as the moment distribution methtien published in the ASCE
Transactionsin 1932, it was followed by 146 pages of discussion from 38 contatoes,
possibly a record. "Cross was immediately hailed aswdne who had solved one of the knottiest
problems in structural analysi®&" His method was later called "probably the most notable
advance in structural analysis during the twentieth ceriffiryThe Cross method was readily
applied to solving secondary stresses in trusses, as deateddiy Professor F.P. Witmer, head
of the engineering department at the University of Pennsyyario applied it to the same 150
Warren truss example as was used by von Abo in his laikdb®26 paper. Witmer completed
the analysis in only six hours, and claimed that the oaktlwill prove to be the simplest and
most expeditious method yet advanced for this purpoldad FS&T used the Cross method to
solve the stresses of the General Sullivan Bridgé wbald have been a first. Instead, the first to
apply the moment distribution method to a continuous tapgears to be Truman P. Young, a
structural engineer from Ohio, who designed a 3-span contirarobed truss and published his
procedure in 1936°
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Figure 3: General Sullivan Bridge, Dover, New Hampshié&4
main span 275, vert. clearance 40', continuous unit 678, 1628’
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Figure 4: Sagamore Bridge, Cape Cod Canal, Massachusetts, 1935
main span 616', vert. clearance 135', continuous unit 1408', 1408’
Note: Bourne Bridge (1934) identical with addition of timsle deck spans at each end.
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