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FORE\'IORD 

The investigation reported hcrdn \':;;o_s conducted bv Southwest Research 
Ir.stitutc in the DepartLent of Structur<:l P.cs-.:~ach. Jose;h E. Minor and 
Maurice F. Bronstad served as the prGj<~ct ?rincip:tl L;vestigators. This 
report was prep-ned under Contract No. FH- ll- 6(,3 3 with the Bureo.u of 
Public Roacls, Federal Highway Admit~istra·~ion, Dcp;atment of Transpor­
tation. The scope of work required cl;;!vclopmcnt of imagh'Clti.ve concept<: 
for highway structures which are responsive to lli'W E':.fety requirements. 
It was speciFed, ' 1wever, that these concepts be limited to structural 
schemes etnployir•l cable systems in applications which differ from those 
used in convc1Y~:onal suspension bridges. 

The report is presented in three separate volumes: 

Volume I - Research Information 

Volume II - Preliminary De signs and Engineering Data 

Volume III - Supporting Data 

Each volume is responsive to different information requirements and is 
essenti3.lly crJmplete within itself. For example, those conc£:rncd v,·ith :.tudy 
methodology and concept development will be interested in Volume I, while 
practking engineers responsibl;;: for implementation will find that the con­
dse :~formation presented in \'olun1e II is mu:-e applicable. Individuals in 
both c~tegories who wish to' pursue their interests in rnore deta.il will find 
the s·~pporting data conta.i.neC: i.n Volmne III useful. 

Volume II cont01ins preliminary designs all'1 supporting data kr 
bridge, si15n, and lighting systen1 support co;:cepts, w;-:.icb ·v(;r...: ::-..;lected 
as feasible cable- :>·J.pported structural applications that are responsive to 
new, safety-related geometric design cr\teria. 
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ABSTRACT 

Volun1e Il 'of this report. contains results of the p!·"p·am presented 
as artist's sketches, tabulations of engineering c;,,,_ta, prel.imir.ary design 
drawings, design assumptions and r.riteria, and cost estin:.:~tes for the 
fabrication of prototype structures, and suusequent pr~Jcurement in quar.tity. 
Three new bridge r:oncGpts which cm.ploy cabh~ 3upports arc adv<cnced as 
feasible structural schem.es for effecting the re:rnoval of rna,:; sive support 
structures from the a.rea adjacent to the roadway. Two of the concepts are 
advanced as feasible structures for new bridge applications; thc:se are the 
Leani:-:.g laches Bridge and the Bridle Bridge. The L'.!aning /'_rches Bridge 
and the rctnaining concept, the Frame Bridge, are ;;.dvanced as feasible 
structures for use in modified existing bridge applications to permit removal 
of hazardous interior bents and abutments.· Cable-supported structures 
concepts for highway signs a.:1d lighting systems are also presented .. ......._ 

' 
Preliminary designs are developed, £..: · tht: fea.sihle concepts iden­

tified above, in response to specific design situat'ons which represent the 
severe ;oequircments dictated by new, safety-rela:ed d· sign criteria. The 
preliruinary C·.:!signs and engineering data presented are quantita'ive insofar 
as they respona to the specific geometric and desi~n situation selectee. The 
detailed n2turc 0f the design and cost d3.ta presc-i'ted in this manner wil~ 
provide the highway engineer with both general at-,d specific appraisals of 
the ap:t)lications of these concepts to highway practice. 
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I. INTRODUCTION 

The St;·uctural Systems in Support of Higlw:ay Safety (4S) program 
sponsored by the Bureau of Public RoJ.df, is 2.. short rar:ge, quick payoff 
research endeavor designed to reduce the severit;· of single vehicle acci-
dents on the Nation's highways. The objectivec; of this accelerated progra1-:1 
may be surr,marized as: {l) to develc..p structural systerns concepts for the 
elimination of rigid obstacles and other obstructions <dong the higil'!.-ays and 
(2) to develop devices and structural arrangements for vehicle impact 
attenuation, deflection or entrapment to assure thc..t collisions v:ith the:::e 
devices will be of minimum severity. An examination of the statistic.:c· on 
single vehicle collisions confirmed the advisability of pursuing both approaches 

in achieving a solution to the problem. 

The scope of work for the project sumn"larized herein was respon­
sive to the former objective and required that new, imagin"l.Eve and c;-eativc 
concepts for highway structures be developed. It was specified, howe\·er, 
that these concepts be li1nited to structural schen"les ernploy5ng structural 
cable systen:.s in applications which differ fron"l those used in convcnti0nal 
suspension bridges. The development of unique concepts involved a trial 
and error approach. Activities were primarily ccnc:erned 'Nith employing 
the creative capabilities of a project team composed Clf specialists in archi­
tecture, aerospace structures, civil engineering structu:..·e~3, and rnaterial 
development. Ideas were envisio:1ed, forrnulated, translated ir.to sketchr;s, 
and subjected to a.n evolution procedure wherein conceptual drawings were 
repeatedly reworked. E3.ch stage of the evolution procedure represented 
the originator's attempt to effect the comprorr,ises needed to transfonn an 
idealized structure inlo one with a reasonable degree of implement~-t.tion 
feasibility. Concepts t:1at survived ar: individual's evaluations were then 
subjected to a critical, detailed appraisal by two or more of the project's 
tean1 men1bers. At this stage, many of the newly co:1ceived concepts were 
rejected and, therefore, eliminated from further consideration. For the 
tnost part, rejection was a reflection of techni.:al or economic barrier::: 
related to current pru.ctices in highway bridge design and co:1struction. 

This volume of the three -volume research report contains specific 
results of the project presented in concise, surnmary forrn. Rc search 
activities :;'le•1 to prelirninary design and engineer1ng data regarding several 
feasible, cable-supported structural sys 1.cms that arc resoonsive to new, ;:·afety­
rclated geometric design criteria. SuinJnarics of research ~·onsiderations and 
general inforn1c:tion regarding concepts applications are inch,ded as a 
preliminary section in this volt. .. le. This section is fell owed by pre senta-
tions of design concepts ior new bridge applications (Section lTI), design 

':'.Sununarizc-1 1n Volurnc I {Research L<fonnati,,n). 



concepts for modifying existing brid;:;es (S:::ction IV), and new desi.gn con­
cepts for sign and lighting system support c;truc:turec: {S~ction V). A 
summary and conclusions section is inc1.ue!cd a~> Section ·rr. 
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II. RESEARCH SUMlAAfZY AN"D CO~:'JC!:::PTS 
APPLICAT!OI\'S DISC U5SIO~·; 

A. Back~roun~ 

The time has passed when the highway de 2igr,e1' can concern himself 
only with providing the motorit;t with d. srnoothly rwgotiable roadway havin;; 
good riding qualities. Recent accident ex?erienc.:: has shown that a l?.rge 
numbe1· of fatalities occu:r as a result of errant V<!hicles leaving the roadway 
and, subsequently, striki:;g fixed objects. There:orc, in addition to ridiq; 
quality cor.siderations, emp:!:-,a:;is is now being placed on proviciing the 
11err,lnt 11 rnotorist with wide, ·...:nobstructed areas beyond the edges of the 
road"'a.y in ,-;hich to recover control of his vehicle. The February :967 
special report oi the AASHO Traffic Safety Committee(!)'~ and current 
recommendations concerning placement of median barriers and guardraEs(Z) 
suggest that unobstructed areas 30 feet wide adj:~ccJ,t to both sides of the 
roadway are desir;~ble. Accordin::ily, a minimum media1 width of 60 it 5.s 
necess.oJ.i']- fer pier placement in a median with no gu'itdrail protection. 

1. Research Summa.!.Y_ 

A speciEc 4-lane divided highway section which requires the 
maxirrurn unobstructeu hcrizonta1 clear2.nce, as suggc;.,ted L'/ the new clear­
ance criteria, was chosen for use as a st<w.dard in confir;uri"g structures 
for analysis and evaluatior; in this investigation. An overpass, sign, or 
lighti•1g system structure emp~oycd with this roadway &ection must provicie 
170 feet of horizontal clea1.·ance (spanning a 60-foot-wide median, two 
30-foot outside shoulder clearances and two 2.:;-foot-wide pavements) in 
orri...:r to free the roadway of shoulder guardrail and median barriers. ~he 

geometri•::s of structures considered in this investigation were governed 
by ~hese clearance :requiremcr;ts, which are illustrated in Figure 1. It must 
be emphasized that the roadw~~y section and clea.rance geometries are not 
presented as recornmended design criteria, but were ::.elected as demanding 
reqt<~rcments for u,;e in the research investigatie>n to establish a basis for 
evaluating str-..rctural concepts. 

Extensive research activities which incluC:ed literature searches 
and conference-type concept identification and evaluation procedurest provided 
a basis for selccti.on of tiuee feasible cable-supported structural concepts 
for bridgL:s and a fea.:;ible cable-supported structural concept for highway 
signs and Lzhti!i:.> syste~ns. Design methods, preliminary designs and cost 
estimates for new bridges, modifications of existing bridges and signs and 

~'Nurnbers in p<Henthcses refer to List o{ ?,cfercr;ces, Section VII. 
tA cornprehensivc summa,·y of research activities is included in Volurr,e I 

(Research Information). 

3 
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lighting syster.ns are preser:ted in tH:: voh.rrl(o, U'-'ln;:: Uw:::-e concepts and 
the forementioned g(':ometric requi:rerncnts to fcrn-lci-~·;e ba5ic structur.:.l 
scheme:,;, Th•e purpose of presenCr-~ m.;Ui!Jes of 6::si::n procc·dures, pr~­
lirninary designs and cost estimates i•; tl:.i'J :fash5':-n is f:v provide highway 
engineers with specific, quantitativ.z; ;;,forrcath:-, fo1· U' .• in making rational 
decisions whC;n considering structural concepts fo::- :·•.CV.' or replacement 
bridges, 0r other highway structUJ cs. 

2. Concept Selection 

The specific structur.J.l concepi:s p:rcsEntcd in this report 
represent a departure from conventional strucL,ra.l design. Therefore, 
the lack of an ''experience iactor" 'N:i.ll present p;:obl•::•.s to lug1w!a.y ~r.g,ineers 
faced with rnaking decisions regard).ng use of ne-.u so·u:tural co;1ccpts of 
the type presented. In ret::ognition of this aspect of the decision-making 
process, departures frorn con·,rentional structura.l design and construction 
processes have been minimized in developing tLe preliminary designs, 
insofar as ,,.,·as possible. In this regard, it is noted that many current 
design techniques will continue to be applicable to the design of new s~ruc­
tures. 

Fact:)rS which will influence selection of a structural concept for a 
particular highway arplication include: (I) safety, (2) economics, and (3) 
aesthetics. By employing the Pniform clearance requirrments outlined in 
Figure 1, as a standard for analys~s. each of the preliminary designs 
prese~1ted in thiG report has been rnade equal with rcg<lrd to rneeting sdfcty 
requin;ments. There :fore, cconon1ic:s and aesthetics become principal 
factors when considering the mc:rits oi the: specific systems preser:ted. To 
assist in the evaluation ar.d selection process, the weights of the prim?..ry 
structural mernbers 2.ncl the tota} bridge weight are included in the tabula­
tions of eng.ineering data as economics related cornpari son para1neters. By 
employing these data as co:ot-related parameters, in conjunction with the 
preliminary cost estimates, general appraisals rc;;;arding the econorny of 
or.e structural concept versus another in a particular application may be 
made. In utilizing the specific er:gineering data presented as an aid in the 
concept selection process, it must be revealed that (1) theoce prelilninary 
designs and cost estimates were developed for specific geometric require­

ments and ideal site considerations (i.E-.. , Figure 1 geornetric requirements 
and o• skew crossing structures) and (2) additi;-,nal design and construction­
related considerations will enter into economic cv:du0ticns regarding spe­
cific applications. A complete stn.:.ctural ;_walysis (including dynamic 
analysis) and detailed economic studies will be necessary before final 
conclusions can h8 drawn concerning feasibility of any of the concepts 
presented in a g:vcn application. 
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Because they :present di~tinctly di:f1~rcnt cksign and cor:­
structio 1 situations, the portion of tb report c'cvr):rd to ::-n:senting pre­
l,minary de:;igns is separated into (i} !':ew Hridg.:: c~Jl;cc:r·ts, (2} Concepts 
for Modifying Existing Bridges, and {:'.)Concept;; fc:r Su:)r:,nting Signs 
and Ligl:tirg Systems. Three feasibie bridzin," cC-•rt(<:;,t:~ ar.c employed in 
presenting two prclilninary designs fur r.cw brid:;t::; acd two prdimir,ary 
de signs for modifying existing bridge":, These co:1ccpts arc the .Weaning 
Arches Bridges,. the Bridle Bridge, a!"'.d the .f r.J.n.:? Bridge. Three additionill 
britlge concepts that were not sdected for preliminary cicsibn consideration, but 
possess certain potentials fo1· resFor;ding to safc:ty-related g..:om<:tric 
requirement•>, are p·esented as poten!ially feasible concepts f0r new and 
mociiicd bridges. These additional c:oncepts arc the Sta!'Cd Girder Bridg'"• 
the Braced Arch Bridge, and the Lea~,ing Piers P.rHge. One structural 
concept is employed in presenting prelimina:·y designs for sign and light-
ing systern support structures, 

B. ~~n _s.::riteria for Brid~;~~ 

A design process that is similar in proceciural steps to current 
methods which a highway enginC;cr employs was used in d<.:veloping the 
preliminary desigros for bridges pres!"!nted in this inv(·stigatior.. As a first 
step in acc:omp1islnng preliminary design o~ a bridge, a decision is required 
regarding the ciesired hori::ontal and vertical clearance cnve:ope. Figure l 
illustrates the envelope chosen for ~,,is study; all prelimina :y d<:signs 
developed in this report provide the ilorizont21 and vertical clearance 
lllustratPd. A 26-foot roadv.'3V with a 17-fc;ot overhe:.cl cle;trancr. was 
chosen as a standard section representing the crossing roadwa1 for purposes 
of the study. A 6-l/2-inch concrete slab witt-, 9-inch curb=~ va::. used a.s 
a typical bridge deck. This specific section vvas chosen fer analysis stan­
dardization purposes, and its us·::·in this investig~tion s\:()\11<.. not restrict 
the application of the bridge concqAs presenkd to bridges wil>-t th1s pa...-­
tic\.~lar crossing roadway section. 

'.ihe AASHO Standard Specifications for Higr·.vay ,::ridges wa= used 
in t}!_is investigation to dcvo;>i0p design loads and dcterrnit~c allo· .. ,;ahle material 
stresses, although it is c:ear thJ.t currer1t AA?HO deflection and lo,:cd 
criteria may not be appropria!:c for the design 0f cable-supported bridges. 
The uniqueness of these new structu:-es, including their relative flexibilit;r, 
may preclude effective dcsig!:l by a code oriented to\vard other types of 
hridge designs. The deflections of cable-sc:pportcd structures may not 
mt~t (nor do they necessarily nc:cd to meet) current AASHO requirements. 
A simr:le dyn2.mic loading could be used in a moc.lificd design procedure to 
c.cb.ieve a propt:r de sign 3.nd provide the design engineer with the required 
confidence in the structure. 
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Hl0-Sl6 highw;~y loadin;;s wen: c;:-.ploycd wit.h ('(;r:v..:ntior,al ;.;t .... tic 

a.nalysis proc.cdllces to devi;),,;.> pr..:L,ni!,;,ry dco~;,f~ns, T·: . .; standa.rd l~.r1c 
loading was USed t}H·our,hout as the c!<_;:;i>,ll lt,,LJirH; to r·::·n;\it !>irnplificc:tion 
of the preliminary dcs1gn proc<'du;-P. 1Ir.pctct tar:tor;, '..'l n:: comp\!tcd and 
applied to live lu<tds using the A.ASHO i•.:u;,.co: e:qu;,tion. 1"or pr..:liminar .. f 
an::tlysis and (1csign purpose::; only, h·:1(i.J.ltidin,,l forr•.''•• la.tcral forc,,s, 
wind load.;, thcrM<>.l lo<!d!'!, t:tc., \1/l:r..:o nc~ <Iirectl;.· con·cidt•<ed. i.J<•<¥:.1-loads 
were estitnated to include the cone n:!~~ briuge deci~ ;,:Jd \~ere rc:duced to 
uniformly distr!b;;tcd loads for an;dy,,i:; purooscs. 

Esta.bli shment of criteria to [:OVern d,;sign of ovcrhe<.td sign surport 
structt;res ane1 lightinj3 sy:;ten1 support slr'.lCtur·cs, which <~1·c rc!;pnr,sive 
to the obj<~ctlves of thi:; study, beg:~.n with a review of cur:-ent clesign st<:m­
dard!>. Current practir;c is reprcscr.tcd by four AA::lHO documentsO• 3, 4, ":;). 

As in the ca:>c of the bddgt:. studicf;, critr;ria for the desi15n of sign and 
lighting support structuret. m::...y be divided i:1tc three ;,rc;.rs: gcon1ctty, 
load, and aesthetics. With respect to gcornctry, the AASHO specific.ttion 
{3) states tha.t 11 

••• it is advisable to provide grca.ter vcrtic<d clear<Hlce for 
sign bridges {than for bridge :.;tructurcs) ..•• " With this requirenl<.!,1t in 
mind, r!eor.~ctric requirements for sign and lighting system su eport struc­
turct. were established i.iS shown in Figure 1, with the exception th;· t the 
required vertic:1l clearance rrtust be 18 feet over a. width of 1 7CJ f<!et, ratber 
than the 17 feet noted for bridge t>tructurcs. Other [~eomdric consider­
ations pertain to the horizontal cJ.ear;-Lnces rcqu1red for e:-:it a.nd cntr<u1cc 
rarnps, a.nd near access roads (c. g., sign structure~ SU);ports ::;hould ~ot 
be plctced in a "gort.; 11 area). Since the geomd.ric confif_ur,ltior,,; of these 
structu:-c3 are scns,tivc to ch·ir<<Cf':ristics of ;1 given sit•~. it was deemed 
advisable to adopt a repre~;entativc horizontal clcara:-~cc Cis shown i'1 Figure 
for the ~"'urpose o~ developing j.)rclirninary designs. 

Lo.:td requirements for O\'erhcad sip1 supports .::.re dct;,ilcd in th•~ 
"AASHO Specifications br thc Design and ConsUudion oi Structurdl ::;Jy:,ports 
for Highway Signs"(3); these requirements include cl<:ad, Jive, ice, and wind 
loads.'~ 'Ihe first two 1nvoh·e structure we1ght and walkway forces, rcspec­
t'·;eJy; the latter two are conccrnec. with forceE. wbch vztry <tCcording to 
g-:!cgraphic area, and require detailed analysis ba.ieJ on ict' W<'i).:ht :tnd wind 
prcssun.,. For the purpose of ci::vdopint; :;rdimi;,ary desi~n" 0f <gr. 
suppor:s, t!>:.::se loztd conditions wer(· si.r:1plificJ intu a rcprcscntatlve load 
rcquircrr1ent. Thi:; rL'presentative lo,'d con!;ists of <111 e;:t1matcd cornbined 

::'Rose, and O}son (t} have concluded that this statically .:q>j'lied load is 
unconscrvativc and th.1t new Jesign criteria f:'hould be dt·velopcd for higl:wc.y 

signs. 
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dc<.td load <-end icc load, i1.nci a ·w~r.3 1_,y~,l cor:lf·\ll.<·d tcsing a wir:d prcssurc of 
55 p!:'f, ;;uit;;.l.'ly modified by :':uprln.:i:ntar;·· fac!r::·,: for application to struc­
tural rne;r:hcr s. In addition, the v·i.t,C. }c;:ds were considered to <let norrnal 
to the verticc.l face of the sigr' a.n'l ,;upport. 

The aspect of aesthetics i:3 covered in cur·rent standards :Jy general 
staten1cnts . .;.nd guidelines. In i.~.e A~\.Sl-IO •;p-c:ci£icil.tion, for e}:an;ple, it 
is noted tha.t "Within the limits of practic,d economics and with primary 
regard for the utility £unction perfcnn~ed by ovc:head sign supports, featJres 
which promote the aesthetics of such structures sl,ould receive proper 
attention .... 11 A specific guideline: states "Aesthetics will be improved if 
the upper and lower edges of two or n1orc sign panels on a single overhead 
sign structure produce parallel hor1zcnt-.~d lines. '' As in the case of bridge 
concept:.'; ev.::tluations, s~gn structure <'.esthetics were given a qualitative 
ro}e in the appraisals uf concept desi<~ns. 

The geon1etric requi:·en> ~r.ts for present c.!.c•/ :ighting sysU·rr•s are 
based on roadv:"-Y illun1ination ::.n<i uniforrnity requirernents which are pro­
vided by conventional400- to l 000-watt TY:ercury vapor lamps positioned 
30 to 60 feet high abo-,rr.-? the edge of th•2 roadw2.y at intervals ranging fro:n 
150 to JSrl feet. Loc:d dcsig:1 criteria for lighting system. support structures 
include: (1) the dead l0~td of the larnp, plus its snpport supcrstructurl:, 
(2) the d::aa load due to ice, a.nd (3) ·wind live load, as applicable for the 
geographic ~rea of concern. ::)\.!11cction c:~:itcrLl for light supports are not 
as restnrtive as for sign S\.'j)!j:::>lts and generallv allow deflecticn up to 
l 0 percc:1t of the support lengtl· for a~uminum. and 5 percent for steel. 
Materials criteria embody stre~;s aHowables anci weatherability. M<:tteria!s 
selection err:.bodi.es evaluation of 1nany fa-:tors, including site conditions. 
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III. PRELIMINARY DESIG:-:.'·; ro.:·z 1-JEW FRIDGES 

Two structural design concepts C!nplo:,·cd as ne'\v Lridg:-: structures 
were selected for analysis and prelirnina~·)' c3e:::<gn: the Lec.ning Arch<:!s 
Bridge 2 .. nd the Bridle Bridge. The gross [;Cc>rnetries of structures romployed 
in the ar::t.lysis and preli:>:ninary design discussed herein were dict2.ted by 
the geornetry and clearance requiremt!nts o£ both the crossing anc crossed 
roadway. These requirements are defined in Section 11. Altho:1gh prelim­
inary d<"signs are p1·esented in detail, it should b~ emphasized that prior 
to imple1nenting the des:.gns in specific applications dynamic anJ.lyses of 
the structu1'al syste:ns will be ncccssc..ry to provide confidence in the struc­
tures from. a dynamic stability standpoint. Tabulations of forces, r.wr;1ents, 
and shears used i.n developing the prelim~aary designs, as well as prelim­
inary cost est:m<~.tes for initial prototypes and subsequent procuremer.t in 
quantity, are prmrided in tables and figures identified, with E;ach concept 
application, in the following paragraphs. Additional, more detailed sup­
porting data are included in Volume III. 

A. Leaning Arche~ Bridge Concept 

The arch has provided the engineer with an aesthetically pleasing 
structural concept since the beginning of engineered bridge construction 
more than 2000 yPal·s <.go. The Leaning Arches Bridge, depicted by an 
artist in Figure 2, ,employs two arches \vhich straddle the crossing roadway 
as they lean inward and join. The geometry of the leaning arches scheme 
provides both the crossed and Cl·ossing roadways with adequate vertical 
and horizontal clearances. Cables in the plar.e 0f the arches support trans­
verse floor beams which, in turr., provide support of the floor system. A 
concrete slab and railing system complete the bridge deck. 

l. Application Discussion 

The Leaning Arch.-:s Bridge may prove to be particularly effec­
tive <.t b:·idge sites wh:~h provide ideal conditions for suf>porting the ends 
of the arch, although use of this concept need not be restricted to roadway 
cuts. In applying the leaning arch concept to specific bridge situations, the 
designer has considerable flexibility in selection of arch geometry, includ­
ing the shape of the arch, the angle of inclination, ar..d the number of cables 
supporting the floor systen1. Although the continuous arch presented here 
is parc:.bolic and fixed at both ends, the designer has options available in 
selecting other schemes to tit paJ:ticular site condit;ions {e. g., two hinged 
and three hjnged arches, circular or elliptical in shape). These factors 
can be "tailored" to best suit the roadway geomE;tries and site conditions 

under consideration. 
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2. Analysis Discussion 
~·---·----~---·· 

Th,~ arches chosen for aralysi::; and ?:·eliminary design as a 
part of the Leaning Arcnes Bridge arc parabolic with fixed ends as shown 
isom.etrically 1n Figure 3. Sevcr.,~l ~Tlethods d z.n<ll)'si=-. may be employed 
to analyze an a:rch structure of tl:i.s type(7 • 8). Th:: method of analys1s 
outlined in Appendix B':' for the leaning arches b:cid~.es is particularly 
suitable for computer application ;::.nd, 'J1ith the ir-".:i~tsi m of AASHO :lpeci­
fication loading, a complete spectrum. of design val·.1es (i.e., design motnents, 
shears, and deflections) can be generated for use i;-1 final design studies. In 
accomplishing prelirninary analysis and design of the structure configured 
as shown in Figure 3, however, a less complex, !":10rc conventional approach 
was ernployed. The elastic center method was used to determine influence 
lines for the arch(7). After influence lines w3re determined for the specific, 
constant section parabolic arches, seve-al strucn:ral schem.es involving 
various cable configurations were considered. The cable support schem.e 
illustrated in .Figure 3 was selected as the most effective for the span and 
bridge geometry being considered. 

An arch deflection theory presented by Borg and GennaroP) 
includes a cr·iterion which, if met, precludes the necessity of accomplishing 
detailed investigations involving arch deflections as ., part of the preliminary 
design process. Arches can be analyzed without deflection considera.tions 
if the factor of safety against buckling defined bv 

( 1 } 

is greater than 3. In equation (l) Lis the length o£ a two-hinged arch (L i:; 
approximately 0. 7 times the <' rch length if the arch ends are fixed} and N 
is the maximum thrust in the arch section computed using appropriate arch 
analysis equations (7, 8). 

Calculations employe i in developing influence lines for the Leaning 
Arches Bridge are contained in Appendix D. The influence lines themselves 
are presented ir: Figure 4. Influence lines for the arches and cables are 
included. Applicable coefficients used in designir..g the continuous, equal 
span horizon:al girders are L-.vailable in. ma.ny references. For the specific 
structu:re chaser. for analysis, the floor system v;as considered to cnnsist 
of eight continuous spans supported, for prelimit~ary anil.lysis and design 
purposes, by nondeflecting cables. It is recognized that actual cable elon­
gations and ard: deflections will have an influence on the bend~ng moments 

*In Volume III. 
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in the continuous beams (bea.m on 0Jc:.stic ::>uppo;:t <.'ffects}; however, the 
effects of neglecting the 3e e·lnngatiu'13 v:c~·c not considered to be of sig­
nificance in develop:_ng t, c preFmi.na:ry de si[n. This decision is supported 
by considerations of EquaL0!1 (l) 3.3 :1pplicd to t!:c specific structure analyzed. 

Using the i.1fluencc Ene s in :.r·i. -sun: 4 to position live loads on 
the structure to produce maxirnurr. bending effects revealed that the rnaximurr:. 
bending moment in the arch occurs at the third ca:,}e support point. Actual 
design values for each componer,t of the structure, calculated by empbyinr, 
influence lines and moment coef.ficiert t;>.bles to locate load positions pro­
viding Inaximt!m effects, are prcsenteo in Table L 

3. Preliminary Dcsir;n Discussion 

A prelimiL::try design fol" the Leaning Arches Bridge was 
developed using the deE<ign values presented in Table I. The design calcu­
lations are summariZf c1 with the preliminary design in Table II. Although 
a steel structure was chose;1 for this specific prelirr:.inary design, other 
Inateria.ls, such as concrete or a.lurninum, could be conaidered. A box 
section was selected for the arch ior structural, as well as aesthetic, :.:easons. 
A plate girder section or other structural shapes could be .:::onsidered and 
might prove more economical in certain situations. The angle of ir-.clina-
tion of the arches chosen {or purposes of i.llustrati!!g this bridge concept 
results in relatively long transverse floor bearns. Alternate geon1etric 
configurations with s!1l.aller angles cf inclination would require separation 
of the arches at their crowns. The weight of additional str.1cture required 
in achieving this configuration would probably offset the ._,,eight saved by 
shortening the floor beams. As a:-.other geometric ;J.lternative, the total 
height of the arch couJ.d be reduced by considering other geometric schemes. 
A t~orough study of these and other geometric possiln~ities should be made 
to determine the desirable bridge configuration for a specific site condition. 

The prelimin<ny design does not include specific definitions of 
lateral bracing members and other appurtena~1ces, although provision for 
miscellaneous steel is included in the design and cost estimates. Since 
lateral stability is not furnished "by the ~abies, late:-al bracing of the lower 
stringer flar,~cs will be required (thE: concrete deck p-rovides upper flange 
support). Abutrnent design wi:l also re<1uire consideration of the several 
types of latel"al iorces. Furthermore, consideratior, of possible bridge 
rail deflection ur.cler the action of ilnpacting vehicles will be necessary to 
assure that adequate clearance Jus been provided betwe.~n the Cd.bles and 

roadway. 

A preliminary design drawing of the Lear.ing Arcl:\es Bridge is 
presented in Figure 5. T:1e weight of this :structure, computed in "fable II, 
is based on the rnembcr :;izcs sho\\·n in this figure. :Members y,·erc: d;:signed 
for maximum design values noted in Table I. AltLough attempts were made 
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to select the optimum section dedgn.> based on indicated design values, 
ex·:ensive design optimizatirH, procedures were not t:ndcrtaken in developing 
this preliminary design. 

4. Cost D1.,c:ussion 

Preliminary cost esti1nat-:;s for a. prototype Leaning Arches 
Bridge (superstructu1·e only) wt.re p1'epared and are surnmarized ir. Table III. 
Unit prices were based on current'~' Texas Highway Department bid averages, 
with the exception of unit pri:cs used for the arch structures 2.nd cables. 
Since the ial·rication and erection of the arches described in the preliminary 
design are unconventional processes, when comp::tred to current bridge 
construction practices, an inexperience factor was applied to the protutype 
(first structure) arch unit p.:-ice. As experience is gained through construc­
tion of severa.l structures of this type, the unit price for this item should 
apprc-ach that of conventional, fabricated steel items. The ~om·entio•1al, 

fabricated structure unit p:rice is shown in parentheses in Table III. ;]nit 
prices for cables in the prototype structure we:·e estimated, and 2. reduction 
in price for pro...:ur•:!ment and installation oi this item in quantity is anti.ci­
pat:ed, if rnany struct,tres are c0nstructed. The reduced unit price :a.: shown 
in parentheses adjacer.t to the prototype unit prise item in Table III. 

The estimated cost of the superstructure is based on the pre­
liminary design shown in Ta·,)le IJ and Figure 5. This design was qualified 
as being incomplete with respect to completion of dynan1ic analysis .:on­
sidcrations and inco;.·poration of other loading conditions. Howevt!r, it is 
f~?lt that the compensating generous allowance for rniscellaneous material 
and poiential material savings that may be experienced through design 
optimization eE:Hts will pern1it the preliminary cost estimate to be employed 
as a first-order appraisal o! act'.<al superstructure costs. 

':'First quarter, calendar year 1969. 
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FIGURE 2. AR. TIST'S SKETCH OF LEANIN G ARCHES BRIDGE 
CO NCEPT IN 1\EW BRIDGE APPLICA TIGN 

FIGURE 3. ISOMETRIC SCHE:\l.AT IC DRA \ONG OF LEANI0JG ARCHES 
BRIDGE CONCEPT I:\ ~£\\" DRIDGE APPLICl\ TIO~ 
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TABLE Ill . PRELIMINARY COST ESTIMATES: LEA~lNG ARCHES 
BRIDGE C ONCEPT IN NEW BRIDGE APPLIC ATION 

Cos t 
Prototype 

It e m Unit Cua nt i t., ( 1 ) Unit C os tl2) ---.9.!'.!Y_ Quanti ty 

I. Concrtlc ( s lab ) cy ll3. ~ $71. 00 $ 8, 770 

l.. Re inforcing Steel l b Z'l , 6 00 0. 12 3, 550 

3. Structu ral S~eel, I Beam l b { 'J , 00 0 O. lO 9, 00~ 

4. Structural Steel, Girder l b 6 1, 500 0 . l5 ! 5, 4')0 

5. Structural St ee l, F.tb. (Arch) l b 113,000 0 . 5 0(0. ?.0)(3) 56 , 50'J ($ 33 , 900 ) 

6. Stee l Cable lb 7, 500 o. 75(0. 65Pl 5, 6 30 (4, 870) 

7. Misc. Steel lb H, 000 0. ~0 10,200 

8. Brid ge Rai l If 404 IS.OO 6, 050 

Total E s timated Co s t (Sup~r s tructure O~! y i $Ill , 000 ($91,740) 

( I) It e ms I and l. fr o m Texas Hi g hw a y Depa rtm en t Cone r e te Deck Sta~>dards , c onti nllous I beam u ni t , 
o• skew, HZ0-5 16 loadin g; It e ms 3 through 7 from T ab le II. 
(2 ) Items I through 4, 7, and 8 !rom !ir s t quarter (CY 69) Texas Highway Department c o~>str uc tio n 

cost data for in pldce units sho""·n. The s e components are conven tJ ona. l brid ~e con s t ructiol"' item s . 
(3 ) It ems ~ and 6 a re estimated in place unit costs for one- of - a - k ind b ridge (pro t o t ·/pc) i nstalla ti o~>. 

Procureme-nt in qu a ntity co s ts (u ni t a nd total) are shcv.·n 1n pa r e !"lthest" s . 
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The Bridle Bridgt~ concept is an l~nsymmcL'c<o~ bridge patterned 
after a. bridge OV<<r the River T<:crt2:·o, Ca.r,ad:l. T'l.i.il concept employs 
cables to provide ctrt intcrrncdia.tc .:;up;':}·d for a. convcnl1onal plate girder 
bridgE~ deck jn:'>talla.tion, as shown in ti,,: <Htist' c; sl:c.:lch in Figure 6. Cable 
forces developed ir, providing suppo:c·l (;[ the plut.c gin:•·rs arc rcactc'd by 

a vertical rigid frarnc and another set of c"'"bles ic:r:·ni·l~~ting at anchorc..ges 
off of the str•.1dure. The plate gird.:::r rn::y be ..::or.hnur)•c.s or contain a simple 
span. Both of tLcse sl.rucl:ural scher,,cs a1·e conE:icie:rc,l in the discussions 
of analysis, preliminary design, and ccst cstim;;,te:> in the following para­
graphs. 

Th·..! !3ridle Bridge is an unsyrnmt:trical structure which requires 
ancho1·ages approrirniltely 40 to 50 feet h.:yond the end of the bridge. This 
:.nay restrict use of this tridge concept at certain E.ites, while the ' .. msym­
metrical configuration m~y be :1dva.ntagcous at others. A site where this 
bridge concept could be effectively employecl is st"ggested by intric:1te, multi­
level interchanges. The section of the Bridl·~ Ericigc v,;hich docs not require 
vertical supports, above or below the roadway, could be suspended ur,clcr 
a c-rossing structure and/or O'ler a cros_:;~d structure to minirnize support 
intetfcrence require1nents. 

Applications of Bridle Brid;~e girder configuratior \Vhich con­
tain a hinge are essentia1ly the same as for the continuous girder ,·onfigura­
tion. Site conditions may c;..::ist where the reduced girder depth, tbat may 
be realized in the area of thf! simple span, would be of sufficient benefit 
to warrant employing the "hinged" concq-t. In designing the girder \vith a 
hinge for a given length of span, the designer has two key points in the 
structure \Vhich can be varied to optilnize the structural configurativn for 
specific requirements: ( 1) the hinge location, and fZ) th:; location of the 
cable support vll the plate girder. 

2. Analysis DiLc::~sion 

This struch1re pictured sch.:tnatically in Figure 7 is statically 
indeterminate in the continuous girder configuration; thus, a cornputer 
oriented GOlution ior determining design values it> dcsiriJ.blc. A method of 
analysis for the continuous plc>.tc girder configuration is contained in 
Appendix B. A C•)mputer program written to assist in analyzing the Bridle 
Bridge structure ir, the continuous plate girder configuration is contained 
in Appendix r:, along with output info<n>ation for the specific bridge con­
sidered in the prclim.inary design. 'The output fron1 this prograrn provided 
influence line data points which permit easy determina.tion of the critical 

I 8 



section for each princip:1l ~tru(:tu;;d rncruber. A rnorc g:-ner<tEz.-:d cc:T>puter 
progr< .. m., with AASIIO Spc:c:ii'ic;.<tior. lo.'Hling and ;1 varictble gco:aet:y (:a.pz.bil­
ity, would p>~oviclt~ the designer with a co:nplcte lo;td/dcflcction spectrum ior 
<l variety of roadway gcurr1clric rcc;t:h·cr";';nts fo;· u~c in fin'l.l dc•.ign :oiudies. 

The E ridle Bridge stn1ct~u-e codi '~Ul'C\l '.'/ith a :1inQ,e i.n the 
plate girder ig ;c;t;,tically detcrrn::n"tc. A rncth<·d uf atralysi~ for this pl«tE: 
girder cunfi~u .. -ation is prc:-:c!ltt.-ci in .~\rp£:ndix. L~. I' he spcci.!j ·: g{.:on1etry 
selected (i.e., the speci;ic locations of lne hinge: <.1nJ cable support) ~s not 
til•· re::mlt of <ct detailed p::tram.dric ~;t•.:d;·. <>.lti·;:.m;4h examination of the influ­
ence lines incii~ .ttcs that the dcsisn V<·?,dd r.ot be ~:L~t:'g.~d subst'-n:i.:tlly il.s <! 

result of Jc';l;~n opti1ni;·2,tion cffolt.'~. 

Infl!Jencc lines for tJw I ric~lc D-.·idgc, conti::•tous gil·der con­
fic-uration <tnd hing.-;d gi:-dcr configur<1tion, arc p:re~;ented ;n F,r,u:rcs 8 anl: 
9. respectively. Usin::: these inf1utnL.e line::;, design value.:; w ~re det(;rn1:ncd 
using the AASHO loadi:,g; thef'c values arc :on:tYnnari:•;.:J in 'L.~.l.>lcs IV :.r,d V. 
The vcrtic:.tl tower experiences no bending for:::cs due ,u ti1e \J~rti.cal load:; 
employed in this prclim;nar·v d.,;,.,ign, ;dthough lateral loo:.ds dt><: to wir•d 
~1nd other unsynu1.ctrical loau:.ng conoitinrH; could produce si;~r ificant bcndi,.:; 

loads. 

Using the c!esign v~di>!:S in Tables IV a.ncl \', preliminary 
designs were developed kr t!H: cor,tinuous a.nd hin~~eo girder B:!'idle BricL',e 
configurations; these prelhninary designs arc sutnm.<•rizcd in Tabl·~s \'l 
and VII. Th,; prirnary structure con'·,ists of two p:•i;,., of cables, a vertical 
tower, and hori;;:ontal plate girders, lntenncdia.te trc:nsvc!rse 1loor bc;·1rn• 
support the interior stringers and frame int:J the plii.tc girders. Th vertic;.] 
tower is constructed of :;t•:el pL>lt: '.vith ;.~.box cross s~..:ctio.1, :,lthou~h other 
tnatcrials such as concrc;tc and c;lutrd:,;.J!Tl c.c,•.1id alsu be CtT'plc:ycd. Tli<: 
plate girders, floor bean1s, and strint:ers arc of corwention;d scccl construc.­
tion. The thrust forces developed in the pJ.1.tc girders due lv the c<:.ble 
loa.ds arc significant, and ccns1de:-ation of these fore"" in U(;si;~.:inc; the 
abutments is required. The designer has '.he O)Aion of restraining the 
structu,·c at the abutnv~llt nearest the tO\'-'Cr (producing co:nprc:s,;ior. in the 
girders due to the horizontal fvrce cornponcnt in the cable j or fi;-:ing the 
structure at the opposit<· abt;tnlcn\. (prod:Jcin'~ i.en,;ion in the gi1·rlt-r dc:e to 
tbc horizontal force co:11poncnt in th·~ c . .:r;lc}. A suDstructurc ;.n;dysis 

would be required to develop the n1ost cficrtJ.vc schcrr.c for d. patticular 

site. 

A design sketch illuEtr<1tin<: the ;1rc:lirnina.ry design of ~!1e 

continuous girder Bridle Bridre is sho·:.n in Figure l 0. For the hi~t~'·'"d 
girder config\ll'iltion, the hinge and cable tic locacions are as shown i11 the 
preliminary design for this configuration in Figure ll. In this prclin.in::.ry 



design, the bending rr"cmcnt distribt\tion was such that th..: sccti:m depth 
:required for the simple zpc.n !..s le'' s than th::.t required for ~~,~ "bdanced 
elen·.ent. 11 The tv;o vari.ables (h~nge and C~!.'::•le tie} co·..1ld be moved to 

yield sufficiently equal rna~:Lc"l1JX1i desigr. rnoments tC' permit utiliz::.tion of 
a .:::onstant depth se.ction; hov ev-<:r, this ~dtuation rr;ay not repreE'er.t the 
noptim:.pn 11 condition from a weier.t sta.ndpoint. 

4. Cost Discu:.sio;~ 

Preliminary cost estimates for tv.-o configurations of a proto­
type Bridle B·ridg~ {cuperstructure only} wer·~ r--repared and are summarized 
in Table VIII. Estimiltcs were prepared for both the continuous and hinged 
Bridle Bridge configurations, "..lsing materials qua.ntit~:::s from. Tables VI 
and VII. Unit prices \'Jere taken from C'<rrent'~ Texas Highway Department 
bid a.·erages, with tLe "'XCCJ.>tion of unit prices used for computing costs of 
the tower and cables. Thtse prices were <l.djusted tC~ reflect cor.sideration 
of the unconvention'll fabrication and erection procedures required for the 
prototype structure. Unit prices were aisc cc·.reloped which reflect con­
ventional construction prices for procurement in quantity, subsequent to 
construction of a prototype. These unit prices a1·e s:nown in pare:1.the5es. 
It is possible that the vertical tO\\·er for a prototype str11cture will not 
require as large an adjustment as shown for prototype construction, but a 
facto::· identical to thdt emp!oyed in the Leaning Arches Bl"idge preliminary 
cost estin.,\G v..as used ro ;-ernain consistent v;ith other preliminary cost 

estirnates. 

':'First quarter, calendar year l9fJ9, 
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TABLE IV. DESIGN V ALUES: BRID LE BRIDGE CONC EPT IN NEW 
BRIDGE APPL!CATION {CONTIN UOUS GIRDER CONFIGURATION) 

... l K 117 K 

A.a •• l r o rcor : r • 1. ~4PC1l 
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TABLE V. DESIGN VALUES: BRIDLE BRIDGE CONCEPT IN NEW 
BRIDGE APPLICATION (HINGED GIRDER CONFIGURATION) 
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TABLE VI. PRELIMINARY DESIGN: BRIDLE B RIDGE CONCEPT IN NEW 
BRiDGE APPLICAT!ON (CON'TI N UOUS CHillER CONFIGURATION) 
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T P...BLE VII. PRELIMINARY DESIGN: BRIDLE BRIDGE CONCEPT IN NEW 
BRIDGE; APPLICATION (HINGED GIRDER CONFIGURATION) 
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TABLE VIII. PREU2·/T~;:,r..,_i~ '{ CO.')T £31T\1ATES: BRIDLE 
BRIDG~ CO:·KEPT I>; :,£\V EFJDGE !\PPLlCATIO:--: 

_________ !_:_cc:> Ut'it ~~~~:..~~y ~-~ l:n'.t Co;;t(Z:) 
--.~~----

!, 

' 
3. 

·L 
~. 

t. 

'· 
8. 

I. 
2. 
3. 
-t. 
5. 
6. 
7. 
6. 

Cone rete ( .• ~"b) r.y 1C·1. 0 $71.00 
Hcink~o:cg SteP! lb Z4,000 v, 12 
~trL:ctural S!f'cl, I Be~n1 lL & I, 1)00 0,20 

Str\~ctur:tl Steel, Girn.or lb 1 ~t,, .?.tJO 0. 2 5 
Struct"..J::·\1 St~.·,·~l. Fa b. 11 ewer) 11-, 27. 2.(1() 0, 5G(O. 30)0) 

Sted c,,~1e lb 10, :o:J 0. 75{0. 65) . 5) 

?\1i s<:. Stc ... ·! 1b -t5, Ot1C o. 30 
Br·ic' 1;.: H~ll 1! 24U. iJ 15.00 

Tot~1l Ebtinl;tted Cost (Superstructure Onlyj 

{b) Girder with Hinge Configuraticn 

ltern tlnit Qua~ 
~-------·-----

Con(' rete (,.[;,bj cy 104.0 

Reir:.for<.i:~.~ Steel lb 24,000 

Str"J.c.:::tur::l St.eel, Br.ar;: 1b 81 '900 
Strcct\:rc .. l SteeL Glrd~:- 1b IOS,40G 

S t:: u c t 1.J. r .1l Steel, Fa b. (Tc,wer) 1b 27. 20fl 

S~ed C.!h 1.e lb 10,400 

Misc. s~~ el 1b 40.~00 

Bridgc- Rail If }40,0 

Total Estin1at(·ri Co!->t (5uperstruct:..Jr<: O:dy) 

Unit Cost(2) 

$1 1. 00 

0. 12 

0.20 
0.:'5 
0. 50(0. 3C) 
0. 75(0. &5) 
o. 30 

1'),01) 

$ 7' 370 
?,b~(J 

16, 330 

311 ~~:) 
13, UJ) 

7,65'J 

13,5C'} 
:;, ](0 

$97,980 

(Sb,150) 

( 6, c.:o) 

~S91,5l0) 

Coot 

Prototype 
Od; 

$ 7. 37::> 
2,b8) 

16, 361 
27, 110\_.. 
13, 60C 
7,80J 

lZ,ZO:I 

~' ~ 0 :} 

$92, 33C 

( $ 8, 150) 
( 6, 7oC) 

(SSS, "30) 

(1) !terns 1 a:-:ci 2 frotn Tex.-is Highwa·v Dcpar~mvnt Concrt:tt? Drci< Standards, continuou~ I bt:C.~1. unit, 0° 

skew, 1-iZ0-516 !o;1din~. lt<-tnS 3 through 7 [rom TabLes VI di>d VII. 
(2) Items 1 thr ugh 4, 7, ctr.d S. frc•Jn first quar~cr (CY 69) Tcxa~; H:ghway Dt_•;Jartme~t cc.·r.s.tr~..:ction cost 

data !or in place units s:-:u•.,.l.'!' .• These components <ire c•.lnv·::-ntional b:ridge cor5!.n..:.cuo:. lt~~ns. 

(3) ltetns 5 ar·.d 6 arc estirr.dtt.:d in place unit costs for Of'le of d kind bridge installatio~s. P:roc,:r£·r;{'nt 

in quar.tlh:· .... ~lsts (un1t ~tr.d tot.·ll) are shc1W!l in parenthcsef.. 
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Three a.dditional bridg'-' conc<;p~" were id·~ntified during the concept 
review and selection process v:b-icb rn;;y be ccn:oid;~rcd to be potentially 
effective structural sch.::n1~s fo>· u::.e i,, new ~)l'idi:•~ applications. The:.;e 
three co11cepts were not subject.; ci to d::;.a.ilccl ;~n;tlyds and preli:.-ninary 
design iterations as were the L(a.r~in;: i\.rch<:s ;1.1;,~ E1·idlc i3:.-idgcs; ncvc·rtl~e­
less, they appear to possess cr.:·:·f;iir, c~lpab~liri<cs :!:or respondi:1g to the 
safety-oriented design criteric~.. E<lch of the three concepts 1nay be er:nploycd 
in new bridge construction.'~ S-.nTliT\Z'.ries of t~nrrincering data and conceot 

~ "' . 
designs ernanatins frorri the. cor.ce]Jt design and C"\?.hJ.ation proccsst involving 
theJe three concepts ir. new bridge: applic;::;.tion'J ;u·e included in the following 
paragraphs. The th:-cc co>~ccp'~s arc: (1} the Stay,~d Girder Bridge, (Z) 
tht~ Braced Arch .Bridt~c, a.nd (3) tne Lcanir:,:; Piers Bridge. Incbded ir-. 
the conci~:e pr..:>~cntatio,1s are s~~e~cb·.~s, t<,hulzttlons of ke:' e>1gineering 
data, concept de ;;;ign sketc!H.:s, and concr~pt design ctiscusswns. 

l. St?lycd Girder Bri~.<:. 

Th(c Stayed Girder Bridge, lik12 the BridlP. .Sriclge, is <tn 
un syrnn1ctrical, ca bl c- su pro rtc d s trncturc. It cons is t3 of a tc i 11gle continuous 
girder supported by six cables cxtc1.ding from a single vertical suppori. 
The configuration of principa.l <'.1ncl Door system m~mbers considered in 
developing the concer.t design is illus~rated in Figu1·e 12. This structure 
is aesthd1cally pleasing and may be used in siting situationo· ~- imilar to 
those found ; • .:h antagco;.1s !or t~:e l3l·idle l3ridg.:. i\ dis,~rJ.va.•1t<J.):.;c in e;nploy­
ing this concept concerns the three cable tics whic 11 mn"t he anchored off 
of the structure. These ancho,agcs n1ay interfere with a,~ccss roa,lloca­
tions or right-of-wa.y restriction,;. 

The st:·ucture is statically indctennirnte and must he analyzed 
by considering the complete system, including Vl'rtical colurnn, cables, 
and continuous girders. A method of analysis for this structural scheme 
which treats the tot;:ll system is included in Appendix B; this procedure 
should be employed in developing prcliinina.ry designs. The concqci. design, 
however, was developed by cm;)loyinc: a simplific·d analysis method based 
on assumed nonyielding supporUo il!ld a co.,stant stiffness (EI) girder. The 
l\1uellcr-13rcslau prir:.ciple(9, 10) \v;u; usf."c}to obt:>in tbe influence diagl·a1ns 

prcs<:ntccl in Fi gurc' i J for mornent.s LJ.nd support re:.~.ctions in the continuous 
plate girder. 

Support reaction,_~ detcrrnir,cd from the influence diagr<.uns in 
Figure 13 were employed to dt.:vdop dc<>igt"J tensile forces in ~he cables and 

'~Applications of these concepts to mudifica.tions of existing bridges are 
considered in Section IV (Para~raph C). 
tThe concc11t desi£;n i1nd cv<tln.:tiot"J process j;, dcscri:)ed in detail in Volume I. 
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forces acting on the vertical cohu;."n, D:'!si~•; vc-.1. •. ~., cm:l;:Jutcd f0r princip~·l 
structural n1en"'l.bers are cont<ti:,_<::(\ in '.i.'<•.b1<:' }"'.<·, 'f~·e dctdr~n valu<.:s dd.c:r.­
mined from the si:nplifi·~d a.n<tlysis .::,uUincd; '~c-·-:1· were employtd to develop 
a concept design. The design procc._!'.l:c·e (,,,-,r !c''/·'~ in cl.cvE:loFing thi.s concept 
design did not involve the rnon~ det.::i.L·d i;,_r;·_l :v,-' ;·.:·oc<:ss th<ct was \H;ed to 
develop the preliminary desiplii far :he L:::;:;:1; '':- :\::cLcs -ncl Bridle Bridges. 
N~verthelcss, the concept dec'i("n c·ut1ined i.n 'J';,':.>h. X <.J.nd presented i.It 
Figure 14 provides an appraisal oi (.1,,; nature cf (:)~~ structure as it would 
appear if employed in a highway applicilticn. Bec."'-uc;e of the less com.pH!­
hensivc methodology employed in the dcsig•1 of this structure, preliminary 
cost estirnatcs were not devclo~)(:d. 

29 
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2. Braced Arch Bri2~..:;_ 

Inspired by a simibr monor;:nl oriclge design in West Germany, 
this bridge consists of a single parl.bolic a:rd: ,,~,ich springs fron1 two 11 A 11 

frarnes. The frames pern1it the roaoway to pass directly beneath the arch. 
The roachvay is suspended be:-:cath the arch by c:.bles. This aesthetically 
pleasing concept is best suited to site locati:cns which provide natural founda­
tions for the arch thrusts. Figure 15 illustratt:s the structu . .-a] codi~uration 
err.ployed in developing a conceptual design. 

The Braced Arch Bridge is sti" uca.lly indetermindte a.nd may be 
accurately analyzed by considering the flE:Y.1bility of the arch and the cablt: 
ties, in that they provide elastic supports for the continuous girders. An 
analysis methodology which considers the total »ystem is contained in 
Appendix B. In analyzing the structu!e for CO':"lcept defign purposes, how­
ever, a simplified analysis procedu:ce was em?loyed which considered the 

arch and continuous girder separately. Influence lines developed by con­
sidering the separate structures are presented in Figure 16. Des~gn values 
developed fron1 the ir.fluence lines fo-::: vrincipal structural m.embers are 
contained in Table XI. The concept design developed in Table XII <.'nd 
presented in Figure 17 provides an appraisal of the design of this 1:-.ridge, 
although d':!sign procedures followed were not as detailed as t!-.c;.,e employed 
in developing preliminary designs of other concepts. A significant limita­
tion determined during concept analysis and design concerns out-of-plane 
loading OJ. t:be single arch by unsymmv~rical live loads on the bridge deck. 
EfL.!cts cf these types of loads on the arch structure were not completely 
evaluated in developing the concept design. PTeliminary cost estimates 
were not developed for this structure because of the less comprehensive 
nature of the methodology employed in developing the concept design. 
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An attempt to 2.cqnire additic·r.~·.l L·_)rizontal. clearance bj• leaning 
supporting piers inward and :::usr.cnding ~:he ccr.,c•r support from cables is 
presented in this bridge conc·2·;)t, illu:,tra.tc<i ir. Figure 13. ~his conce;.)t is 
feasible for typical divided :~~p,l!W2:':' crosc-.i:··.g ~t:··ucturcs; hrr.vever, :;:everal 
disadvantages in the basic clesi.gn ;:,re evL:•2L~. There are no connections 
between the two girders and th.:; leaning pie1· s (to preclude large ber,ding 
moments in the pier:;); therefore, the ma.i:1 gi.rders 'Jridg.:: relatively long 

spans. 

The st1::~cture is staticall;' determinate and the influence lines 
presented in Figure 19 may be ec> sily developed using the analysis method­
ology contained in Appendix B. Dcsicn v2.lues are computed and presented w 

Table XIII. Concept design considerations reflect the axial load situation 
which exists in the main girders, thus placing the: proc(,dure concerning 
design of these members into a beam-coll.4mn l)rpe of analysis. Tt.e conn~pt 
design developed for the Leaning Piers Bric6e is summarized in Table XIV 
and illustratcr3 in FigL'.re 20. As in the case of the preceding two concept 
designs, the structure presented is not <is n~fined d.S the preli1ninary de:;igns 

illt:.strat":'d for the leaning Arches and Bridle Br·idges; howe·ter, a:1 appraisal 
of the nature of a bridge design employing this feasible concept may be 
gained by reviewing the tabulated enginecrin<? data and di.·awings. Preliminary 
cost estimates were not developed for this structure becauo.e of the less 
comprehensive C.esign mcrhoclology cm?loycd i!t developing the concept 

design. 
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I~· I . P.Z!::LU.E!<Ai\Y L';·:SIG:"S rOR MODIFYIKG 
EXIS'I.'II\:•."1 BiUDG.SS 

Two new ~Jrk!,; d•;si~;n conl:<.,pts were jud<~cd tote feasible in 
:1pplications invo>, ir,;~ t<\(Jdific;,tir)n oi c:.:isting l:lridgcs to pennit remov<tl 
of Jn<·.s,'t"c suppu::t ~·i.rJctures. Thec~e are: (l \the Lea.r~ing Arches Bridge, 
and (2) the Frame P,,·>~;:c·. TherC; are many ty}!.:!S of existing structures 
\vhicL could be rrtc•d!fivi :o effect removal of a.b·.J.tments <end :r.cdian piers, 
and each of these ~,tr"Jcturcs posse~;ses its own \wique geometric ::~.nd struc­
tural characteris\.ics. Therefo:tc, it would be difficult to conjecture con­
cerning "typica:t" or "standard" ::.1tuettions for applic<>tions effectiveness 
studies crr.ploying n•:v: b1·idge conce:pts. In this section of the report, the 
two bridgP. concepts identi!'ied above are applied to bridge situations that h;Jvc­
been d2te,.mincd to exist i:r. pr<'.ct~cc. The rcsultini! preliminary analysis 
and d~·sign exerci'>e is intended to illustrate th~ probable design and ._.:,n­
druction process th.J.t would be followed if u. :Jecisio;1 were m:ide co modify 
a.n existing bridge of the type selected. In ;,o .:!oing, the spedfic illust1·at1cn 
should providf~ the higl:·.vay engineer with a ;:;;cnPral cipr L'<'i sal of the processes 
involved, including an understanding cf the rer;uired deg;·ce of clcl;arturc 
frorn conventio:~al design and construction praclices. 

In devclOj.>ing the preliminary designs, the safety-!"clatcd gc!Or.H.~tric 
criteria discussed in Section II were en1ployed in conjun<::ti•)n with :w assumed 
o~ skew crossin;?, structure to establish ':he gross geornctrics of the bridge 
situation to be modiiieri. Restrictions as to the type~· 'Jf existing ~ridge that 
may be rnodified by employing the concej,ts are notec: in di!"cussing specific 
concept n.pplications in subsequent par<q~ra.phs. If extensive bridge ;-;,odifi­
cation eiforts arc warranted hy a review of accident history and safety con­
siderations, :ln inventory of existing bridge structures should be rn~dc iind 
bridges should be czctcgorized according to basic types (structures with same 
span ratios, superstructure design, etc. ). From tb.·~se groupings, analyses 
could be conducted to indicate the relative design c:.recti·;encsses of the 
several feasible bddge concepts. 

The <.!Xisting bridge modific<ction c0::struction ~equcnce consists of 
(l) tcmpo1arily shoring the existint:: bridge floo~ system, {2.) :mbscqucnt 
removal of the median pier and/or abuttncnts, and (3) .nstallation of trans­
verse floor beams suspended fron1 thC' new structure by cables, thus pro­
viding the 11oor systems with support prc\·iously furnish,~cl by the interior 
bents. Conventional structural steel design practice and Ltbrication nH.:thods 
are consistent with these construction concepts. 
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The Leaning A~ches Bridge con1>:~pt appljed to ;nodi,"ication of existing 
btrucl:ures diifers frorn the Lcanin;c; Arches RriclgL' described in the acw 
st ruc:ture s a !Jplica tion "; ·~ctior, (Sec ti.on Ill} onb h rr1 e nu:nbe r CJf cabi c s 
employed. A system Df p-<ralL:l c<:olc;-, s::soendcd frorY'! th~ arches {in the 
plane of the arc~es) is u.-;ed tc 3t:p,xi1·t th.:_ cxistit,g iloor sy stC'm, thus 
allowing removal of mcui2.n pi.:r ar,d abut:"Dent ::;up:)orts, The <;;xi:>ting 
bridge may be of continuous or sirnf'1e S?an design. 

The Leaning Arches Bri<~t;e concept provides a g:::-e;'tt deal of 
flexibility in select.ng a suppo1·• conhg·Hu.tion io: the existing structure. 
Tnis concept a.pplicd to an existing four span, simpl<; or c 1.>ntinuous, brid3e 
is illustrated in Figu':c ?.l. The designer may choose tv supf-Ort the 
structure with t~e sa~nc> span rel<?-tionship employed h ti1c eXlsLng bridge 
by repl~•<"in~ the rernov d intc:>:rior bent caps v;'th tra.nsve~·st:! floor beams, 
o:r he may find it ncces~·ary i.o provide additional, inte:.-mccliatc floo.· beams. 
The ilexibilities of the arches and cables must be considered ir selecting 
~he nurnber and spacing of floor ~;~:stem supports. 

2. Analysis Discussic:ll 

Since the arch geometry chosen for the iJcaning Arches Bridge 
er!lployed in a modification configura: ion is si:nilar to that employed in a new 
configuration, the influe!1ce lines are .:dmilar for the two structnrcs. The 
mon1N1t ,;[inertia of the a.:ch section affects the infltlenc·~ line values, but, for 
the chosen conditions of constant mornent oi:incrtia throu3hout the arch le;.gths, 
ve;-y litt:e difference in infJ.uencc lia1"= values bdween the two applications are 
expcrie:1ced. Si!;nificanl changes in these values v.:ould be '!Otcd, however, if 
the rrwmcnt of inertia of the arch va.ricd accordinsly along the length or the 
arch, or if the basic g:;ornetry of the arch '.vcre changed. For the •;cructurc 
picturPd schematically ir. Figure ll, a constant moment of inertia, ,,·as 
selected. The influcncr: lines, for the princi·pal structural men1be.rs, 
the:!"cfore, arc cont-.mcd in Figure 4. 

3. Prclirninary DesiPn Discussion 

Design values were 'developed for principa.l structure COP1po­
nents of tne r:1odificd hridgc using the influc:-lcc lines p1.·escntcd in Figure 4. 
These design values are presented in Table XV. A prelim'.nary d~~sip1 of 
the stru,_ture was developed fron1 the~-e dc.:::ign values anci is S•1n1rra:·)zecl. 
in Table XVI. The arches arc steel box sections with constant cross section. 
The transve':"c:e floor beams arc conventional plZ>.te girder construction. 
The pr2liminary design drawing for this conc~pt i2 shown in Figure 23. 
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Although the •:xistinJ; ,,tn:l,~cr:; -trc shO'.'n rcsti:1g o~ top of the new floor 
beams, integrdl c.orL:Jtruction could be considered. In this particular design, 
the existi~1g brir_if,:e was <es :;un:cd to r:onsioc of four, 55-ft 0 -in. continuous or 
simpl< sp.'.ns, with cal~le::; in the: ;:>Ln~' pf tlw arch t<scd to support fl.oor 
beams «teach forrnc.r ir:tcrior bent lo;;:,tion. If neccss:u·y, additional 
cables could te crnplo~'cci to provd< :,d,iitio,;al sc:ppor·ts. 

The Lcani tg Arch<:.-; .::iric1f!e is an a.ttracti\ c cable-s,tpportcd 
bridge concept which rn,ty be e!·nrlo)·cd in new and tnodi 'ied exi~.ting bridge 
construction. The concept pru\'ides the designer with r:r1any opti~ms. The 
solution to indetc.L'min<:tc structure.:; problems can be accele::-ated \•.-~th the 
use of co:nputcr s to develop optim.um .>tructural c,)!~figurations. 
struction methods do not devi-_.te subst:cnti::lly fror_: conventional 
and current cost estimatir:g practices shoL:ld be api=-1icatie. 

4. Cost Disct~::.sion 

The con­
methods, 

Preliminary cost estim.ate8 were P'"<'parea 10r the modification 
of an existing bridge utili:.:ing th0 Leaning Arches Bridge concept (1 able XVII). 
The cost estirn;Ltes were based on the mociification situation show!' ~n 
Table XVII and Figure 2.3 . .Dy shoring th,c; existing :-;truct'.Jre <.nd rsmoving 
the f•·'~'ec interior bents, the existing deck and str:;:ger s;- stem nl<J.y be sal­
vaged. Ur:.it costs for item'; l and 4 in tlw estnn'ltc were taken from current':' 
Texas Highway D-~r-artment bid vvcra8es; unit cos~s for items 2. and 3 are 
provided for both prototype and sul.Jsequent procurement ir. qu"'.ntity construc­
tion. The lump sum co::t of removir.g the interior bPnts Wd.S estimated irom 
recent experience wi:h a similar situ:.L~ion. Since it is desirable to minimize 
the iiazardous situ?.tion cru.>..t~d durin~ <.ctual bridge modification operaticns, 
u. lum]) sum for a warning system has lJecn includca i:~ the cost estimate. 

':'First quarter, calendar yr~ar 1969. 
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TABLF. XVli. PHELT1vHN1,.RY r::OST ESTTMATES. LEANI.NG ARCHES 
BRIDGT;:: iN MODT1·'!ED D!llDGE APPLICA;.'lON 

________ !.!:'!.~I! _________ lin it .9!:'''"·1~:_,·(?.2_ ~·it C:o•t(3) 

I. Structural Steel, Girder lb f. C? I (J}O $0. ?.~ 

' 2. .StructurGl Steel, Fa h. (Arc:ti lu 131, C:IO o. sn(o.':.J)W 

3. Stet>l C<tblc lb 7. 100 o. 75(0.65)(4) 

4. Misc. Steel lb 31,000 u. 30 

5. Rerncrve Interior Bents ( 3 ea; Is 

6. Barricaci.es enG Warning Systen, Is 

Total Estimated Gust (Bridge Modification, exd arch subs true!!' res) 

{ 1) Stringer, d(•ck and rail srste:n salvaged intact !rorrJ original lJridge. 
(2) Item• I - 4 from Taule XV!. 

___ 0>!:! __ _ 
Prctotyj)0 Or:Jy 

$ 17, 400 

65, 500 

5,320 

9, 300 

6, O'Jo(5J 

1, ooo!5) 

$104, 520 

(3) It-,rns 1 and 4 from first c•uorter (CY 69) Tt>x-•s Highway Department c0nstruction cost 
rlata for ir, place units sh~..:v.·n. These con"1;::on~nt.i are conventional bricige construction item!;. 

(4) !terns 2 and 3 are estimatcci in place unit coc;ts for r_)ne-of-;J.-kind oridge in~tallati•Jn. 
Procurernent in quantity (u.11it and total cost£) are shown in parentheses. 

(39, 200) 

($77. 520) 

(5) Lun:p sun1 estirna~es based on modincation of four span Lon~i:1uous bridge as illustrated 1-.:~:uw; 

~ -T-, 
I"' I 1"-

-,,~~~t::t::k:~:x-
1-------------· --------- --ool 

4 (4 55· no tt 
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B. Frame Bridge Co_;:;.-~1:;!. 

Perhaps the most ol v:ic•u:~ ansvrer ~o l.. '·' ~·cquircmcnt for a t. ridg<: 
SUJ -e::-stru::::tnre which will ccliow :cemo• al of 2 •ned ian pier frorr, an existing 
bn.:lt;e i, some form of a ngd fr:>.tne posJtl·Jned over the e;{isting structure, 
·v;ith C2,> es su·1porting flcor bc<:.rn~: wLlch ~·c:r:::_>_r~ interior bent caps. The 
struc • lc ; sch n1e which c\rolvec.". frc.n1 •.:o:1ccv: evaluation:; oi fra.rne type 
br~dgc.s consists of a thrc,J-dimcnsior.a' rigid fr<:Lme which strarldles the 
crossing roaC!'wP.y in the ma.nner illustra.ted in Figur~; 24. Cables coPnectcd 
to the frame at the intersection of the inclinr~d and horizontal compone.1ts 
supr:-ort floor bean1s locat!.!d at thc floor system support i>Oints pr•;viously 
occupied by the intcr>::-r l- cnt caps. The bPha.vior of i:hc structure under l.ive 
load requires that the floc'r system girders curry a. nominal a;.cial :orce; 
therefor<?., J.pplication of thit; ~-oncept ~s limited to C)j sting r;trucw.r '!S ,vith 
contimwus girder systems. 

l. ApplicaLon :!.Jiscus sion 

This bridge concept pr-ovides a relatively straightforward 
rncthod for modifying an existing continuous structure which does not In,;ct 

the safety-related geometric requirernents due to the presence of c::. median 
pic:r and interior bents adjacent to the roadway. The n'.odification sequt:.:ncc 
consists of {l) temporarily shoring the existing bridge, (Z} removing the 
he>.zardous supports, (3) provid1ng new floor bean~:;, and (4) suspending 
these new beams fron1 the new rigid frame structure, as shcwr: in Figure 24. 
The ne\-v floor beams prO\·ide the st:pport previously fur!1ished by ~i1e interior 
bent caps. 

l, Analvsis Discu.,sicm 

The thr-ee -dimensional rigid frame is a statically indeterrrinate 
structure which is loaded by the cables; a mt:thod for analyzing the indeter­
minate structure representing this concept is included in Apper.dix B. A 
comput~rized solution, emrloying rh~:. analysis method, was developed to 
analyze a Frame BriC.:1:,c structure confir,ured as shov.;n in Figure 24. The 
computer program is p:-csented in Appendix D. Although th<: output of 
this computer prograrn provides influence line values for p.~.·:incipal struc­
tural members, a genera 1izcd con1pt'ter solutiot; incorporatiPg AASHO 
Specific.;.ticn loadings could prod•1cc a complete spectrum of dt:sign moments, 
shears, axial loads, and deflections. Such <.:. program should be capabl-; of 
handlin;-: unsymmetrical structures wii:l1 a variety of spans and span ratios. 
Influcncr, lines were plotted fron1 c:.Jmputer output de:.ta; these influence lines 
are pret;ented in Figure 2 5. These data wf!re used to compute: the design 
values p:-esented in Table XV .ii. 
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Usin~: ~he de~ sign val';""' L <l~n Table XVII, il prelimir~ary 
struct .r~l design '.v;~s dcvd<.:r:;d. !'::tl~l e >:urn contains :t summarv of the 
prelirninrt.ry d0Slf;:'1 , rlnd Fi:_;·J··e u-. is a (:C '-ign ~ketch c•f the FrQ.me Bridge 
s~ructure applierl t.o an <'xisL·;g contJnuou:.. plate girder bridge. This 
preliminary desi;~n is based 0:1 the ut;c of ·'•n exisbng ccntin"Jous &tee! I 
bearr1 span floor system with ~he - __ g;d frame/ cable supporl superstr tlcturt.!. 
The rigid fran1e is constr1:cted of steel plate configu:. :d as a bo .- girde:.. 
The inclined and hori:z-::.,ntztl tnernbers \\ere de;d~nc'l for maxi:.--,·ln1 rr.orncr.c 
at their intersections. By employing tapered se.::tion~_; and pl-'tt-~ thicl:n-::s., 
tra'1sitions, significant •vcight sa•;in:;=:::, could be accomplished; ':>o·-h·e.:el, a 
compreitensive design optiMization prograrn would be r•~quued. The 
exterior transverse floor beams are convfntional steel pla.tc girder.~ which 
not only react vertical loads entering through the stri!!gers, but a~ so carry 
horizontal cotnponents 01 the cable forces. The girder .~cction l'cquir<:!d to 
resist bending loads is suffici<'-,t ~o also resis+ c:able ccmponent fo-rces. 
T!1is nay r.ot be the case !or othc r frarne and cablr: ge-:nnetries. The -:c>nter 
floor beam is ct _;teel l::ox section. The box section wa3 chosen to r<::act the 
b<~nding loads c ~lsed by force unbalc;.nces in tLe cable horizontal comp::ments 
created by unsynmetri..:al plac;;ment cf live load:,. 

4. Cost Discussion 

Preliminary cost estimates v;erc prer:-'3-red for the modi:i.:ation 
of an existing bridge using the Frame brir2:;e concept (Table XX). The 
existing bridge strctcture assUJned for the purj,uses of the estim'ite is shown 
in Table XX; this existing b1·'.d-:;e is identical t-:- the one used for the Le:;_ning 
A1·ches Bridge cost analysis (T'l.blc XVII}. Unit ;Jrices devP.loped fror:i 
currP,lt Texas Highway Dcpartrncnt bid av-::r<'ges ,;, were used to estimate 
costs for convenr:ional construction itcm::o, while unit costs for th~ frarr:e in 
the prototyrc estimate reflect the nonconver.ticnal nature of this item. The 
cost ::Jf the frame, if the Frarne Bridge 'Nere to be constructeci in quantity, 
com.pured by using conventional ur.it p-:ices for fabricc..ted steel, is alsc 
preser-Jtcd (shown in parent!·.eses ). The costs for removing the three ir>terior 
bents were estimated as c.. lurnp sum based on a recent, similar project 
experience. The estimate also includes tre cost of an adequate v;arnir-,g 
system to be used duci'1g construction. 

The materials quJ.:1tit1e s for the Frame Bridge preliminary 
cost estimak are based on the preliminary design (Table XIX). The Frame 
B-ridge preliminary design does not reflect the effects of a wei~;ht optimization 
study. It is possible that significar.t weight and, therefore, ccs 1• savings 

'!'First quarter, calendar year 1909. 
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could be eficcted thrc'.lgh Sclch a.n <fo:.:-t, although it is doubtfu~ ·that this 
conce-pt could be made con'>.petltive with the Le<.ning Arches Bridge concept 
appiied to modified bridu! conf:'tn:<.:tion. 
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TABLE XVIII. DESIGN VALUES: FRAME BRIDGE CONCEPT I N MODIFIED 
BRIDGE APPLICATION (SUPI"~ RSTRUCTURE MEMf,ERS) 

Conc c n l r~lcd l ..out • UnHo r _, Lo..tc 
£ q.,. li on lo r Cc-..c ~ : . .ra~d Con.c.e n t n \• 0: -~cmcu.tr alef 1-n• :: ; u.a~ion fo r D u .ll W a. d L.w • Loa d J.-~ ,.. Load L tr<! cl T o u.l 

~~ Live l..A> o.d J:ffau ~(;1..:..;!:.! lon p u t.o..O Phn hn ?'"' cot Cuf" r m Lot. 'l.t U fec:t f!.•~ ~ )'ho i l tr. pto c t 1:fl ect ~Hectl fo r P u l ! l> 

! 

F"loo rb<rarn 
f• .~ot e uod 

r • o • .o~P 

~r: F" ~ O. ll: SP 

M o me., l : F • lS.ZP 

Axia\ Foru: r • O • .BSP 

W • I0. 6pCII 

v . o. sozpUI 

Sh ar1 •
1

: v ,..,. o,np( l l 

Wom~ .. ty-y: M" S.SP 

19 . • K 

14.0 K 

ll .l K 

kAK -!t 

1. 1 K 

931 K· h 

9 . 2. K 

lUY.-ft 

It . I K 

11 . 4 K 

to . .. K 

1,. K-lt 

1. 1 1(21 1.4 . 0 K 

1.ll I'J . T K 

I ,J s(4l U .O 1C 

I. IS H'l K- I t 

I. IS 9 , 3 K 

I, I S 104 K-tt 

1.15 I0,6K 

J. .• : ll l 46Z K It 

l.U 21 . 9 K 

l.l l ll . l K 

l.ll 12.6 K 

l.l l HO J(.f'l 

(I) P • Ji, Kat co .. ceotn.tH Jo..d fo r two lo& L<r l . IM •"""'e IK i in& a t cent•r of Ooorbuma . ) 
Cl.l s,.,., • 11 0 tt fo t lm;w.n !&c10 r comrut.a• io r. . 
OlwoL • lOOO r '.J (uti . • u • l l iO p ! f • • r.o la r c t o f wdforrn lo..d. 
(4) S;>u• • llO h lc;;r lmP*CI lec.to r com-t.a ti c.n . 

r . n.fl'wUI 

P • J S.lw 

r ~ u . a. 

M e lt.60w 

Y •20.lw 

w • l.;.so.. 

••• 90. '-

M o L • o6S•oL 

Wu •lllwLL 

VOL ~ li . ~OL 

Vi.; . • H. lwLL 

rDL •ll.:hoDL 

rLl. .. zz.h:..L 

U Z. Sk !»>,S K f-',(1 K 2ZT.S K 

IU . SY. 4S .O K S4 . !. K I,. ,T IC 

lOI.O K H . SK U.lK J!l7. l K 

S'i'O K-ft litO f'!'-h H10 K- n liST K·ft 

14.5,. .~6 . 5 K )I) . S K 11 4, J K 

li DO K·h l.IIO K-U lll~ r.-fl ll,4SO K-tt 

H7,0K II,, OV. IHK taO,, K 

19, 0 K- ft 9 10 K -lt 11 00 K-ft l SSZK·ft 

H .!o K 4 ).1 K :.:. .z K 1£1.6 K 

61 , 0 K l'9.l K ]5 . 4 K 123.5 K 

li..SK l1 , l K 
"· ' y. 

) ~6 K -!1 S9S K- lt 6l5 K-h 

TABLE XIX. P RE L IMIN A RY D ESIG N: F R;\.ME BRIDGE CONC EPT IN 
M O DIFIED BRIDGE A PPLIC ATIO N (SU P ERSTR.UCTURE ~!EMBERS ) 

Du i1 n """ ~~ Ou l n Nole t ~ction An a ~ ...!:::!:J~ ~ 0u.A 'Ilit y T oul We ltht 

U.'F . 5 K D.-usn • • ten tio n membe r, fa ll • l O kli : A nq ' d • ll . lS • II U.. t -U... cU• ca~le 12 . 6 1q U:.. 4LI J>lf I. I K l.J.r. 

1'11.1 K Dn ip •• ten1 ion mcm~r, f1 n •Z O k.1l , A r eq'd • ' · ' S •q ' " · l · l / 4 -ie.. c ..b le 11. 0 •q u .. )l. 4 plf ,, h l,6 K 10, 4 K 

Boa c t rdcr: 14 l( 4l•in . ZtH • q i.a. 104. 1q ln . I ! . 4. h )(). S K zz.i.o K 

MomeAl 
sn •• , 

W1 . ~ K 
a. n1 K-h 

114,3 K 

AaLt.l 7orce 4 11(.1. 6 K De•i ll' !.or m oment 
Mo ment l l. 4. ) :J K-! t 
Shu r II . I K 

f' l -or bum 
hate roo d 
Moment l ,SH K - It PLo tc c l rder de e icn indiu t~d S req ' c! • 2 14.0 t.11 in, 
Shu r 101.6 K 
Aao•l F o r c e Jl).S K 

f"'o<H b.- l :n 

~ 
Mo rncn .... ,. } , S~l K•ft &... a uOcr de a ir:n indicueO. 
S'>c• r,.. a 1 ~1.6 K 
Aa o• l f'o ru l l J.\ K 
Mo rr.o::oty . 1 63 ~ K·h 
Shu r y . y )q.l K 

n.. .. ,. a: 4.l )( 1-1 / l.- i ,.,; • •t.: 
1/l.ID. 

Boa c lrdu : fj 6 X4.&-in . lll • \ in. US pU 11 0 It 9l.S K 'P . S K 
O.. nc•• · "' )( J. J /Z. - ... -..; ••lA: 
" 16 Ia . 

41 X II-In .. l6 lt' ·2 ·U., 
tlar.c e e . S / IO·i.n. w•b 

~· )( l 6 · lr .. . lfo )..2-lro. 
IUon& c._ l ll•ln. web 

57 

106 .0 oq in. ! 60 rlf t I tt ll.O K +I . Ott 

Ill eq In, 6.!0 pU bl h ll . B K ll . SK 

To!,.O.I Pt or.ci pa. l Suw.c t'ol r • 4.11 . \' K 
LO:.Uuc . 4 1.1 
low : e :-o c! . c Wc la h t ~·f:1K 
ha d~>ci U'I I O!:S U I ;"'I II N Ch•: e ) 



\.TI 
00 

. -------r 

~-J 
r • OIA , 

• .,.,., C' ... ,. 

17/ -- ". F · · - J=.7z;---~--n 
~~ -- J_____.._______ I ________ L-t------- / 
~-----~:-::.:~ -__ t_ ___ ..... _:;;:~-.::;-:~~J-- - U'•• lb '-o• -

~ ---- --·---·- ~-.., 

it
; ___ _ 

....a·- o ~ ~~~Jr·l 
"p=j=~--

"'_,t I 
i 
~~!~-~--~ 

..... 

~*=n-, ~~ ru ~ T . ·~ - I -~ 
'~ , I 1 

.l - __I_ 
~ --

~!.:"~ 

~~ 

~r~:s : 

io • 

' 
.~ ... .. 

. r--"'~ 

-~--r]· !-~l 
... L J L - --;- -·- -

~r.J..!?~ 
,,.,N.V llw!riYr.l la,Z ,.,.!4c.'% 4~-"',_,. 

'.L._1r~j· --.j l - -
/' 
I~ ~ .. 

~~-r - · -· 

~Cr"/C.-/ 0-C 
'""- ,....,./C/7 ,.-~4 ,J/I.UIIJ 

,.,..,.,..,.~...,£ .,. • rl':lu~ ru.#-11- .. ,... .. o• &,..,., 
,_..,..._. """ I~) E~c•-r ~,.•~1& 

.... e=_.,.._,_,A/ ,,I•A 

FIG\.J'R.E 26. PRELIMINARY DESIGN DRAWING OF FRAME BRIDGE 
CONCEPT IN MODIFIED BRIDGE APPLICATION 



TABLE XX"· PRELU.{(Nl>.:1.Y COST ESTIMATES: FRA ... M:E BRIDGE 
CONCEPT IN l\1.0DlFIED 3RlDGE APPLICA TIO(.; 

It~m(l) 1Jn'\ 9.~~~:E_t_~ : -.- ( ~ :Jnit Cost( 3) 

I. Structural Ste~~l, C. it· de r lb 81, GJO $0.25 

z. !:>tructural Steel, Fa b. (FramL) lb 318,500 o. 50((1, 30)( 4 ) 

3. Steel Cable lb 17, 600 0. 75(0. 65)(4) 

4. Misc. Steel lb 41, 800 o. 30 

s. Rt:m0ve Interior Bents ( 3 ea) Is 

6. 3arricades, Warning System lG 

Total Estimated Cost (Bridge rnociification, excl. !rarne substruc~ures) 

ll) Stringer, derk and rail system salvaged intact from orie;inal bridge. 
(2) Items 1 a'1rl 4 f~om Table XIX. 

------~-oo' ------
Prv•otyp~ Or>l·,- ]u1.n!it\· 

$ 20,400 

159,000 (95, 50')) 

13,200 (: !, 400) 

12, t,OQ 

6, ooo! 5l 

1, ooo! 5l 

$212,200 ($146, 900) 

(3) Items I and 4 from first quarter (CY 69) Texas Highv.ay De,artment cor.struct1.>n cost data br in 
}--'lace units shown. These components are conve11tivnal bridge construction ite:n.s. 

(4) Items 2 aad 3 aTe es~irnated in place ur,it costs for cne-of-a-><.ind bridge installation. 
Procuremer::.r in quantity (unit and total costs) ar<:" shown in parentheses. 

(5) Lur.1p sur.1 estim~tes base<:! on modification of fro:,~ spa" continuous bricige as illustrated belo·.;·: 

4 ~' s:; • 220 tt 
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Three additional b1·i:l;;e concepts* were identified in Section III, 
Paragraph C, as bcinr potc;n\.ially effective ~;~ructural schemes for use in 
new bridge applications, alt~Iongh these schemes were not gi·.rcn the in-depth 
consideration received in p::eliminary Lk~>ign efforts. These concepts rnay 
also be considered in terms of t'rc~r apr)l_ic<>td~ity to modiiicat"ions of existing 
bridges. Three concept designs '':ere dcvclo~)~d (sec Fif,ures 14, 17, anG. 
20) to provide the highway engineer with ;:;c::cral app:raisala of design and 
construction con:oiderations identified with each of the concGpts as employed 
in new bridge applications. In the par<cgraphs that follow, each of the three 
concepts is considered \"lith respect to ito; applicability to modifying existing 
bridges to improve their safety from a horizo:1l~al clearance peJ:spective. 

l. Staved Girder Bridrr.e _.....___ _____ _ 
Tho.:! stayed girder bridge 1s Pniquely configured to support a 

single, longitudinal box girder in the manner illustrated in Figure 12. For 
this reason, no easily adaptable configuration can be projected which cc•uld 
provide an effective modified bridge structural sche1ne. 

2. Braced Arch B:--idge 

This single arch concept is aesthetically plea sing ar1d, within 
the bounds of limitations previotJs1y expressed concerning new bridge 
constructio':1, may possibly be emr:-loyed in modifying existing bridges to 
allov.1 removal of hazardous supporting structures. A2 noted previously, 
in tr1e new bridge applicdtions discussion, a significant limitation on employing 
this concept concerns out-of-plane loading of the single arch by live loads 
placed unsym1netrically vidthwise on the bridge deck structure. The effects 
of such loadings on arch design have not been investigated to an extent 
which will allow final determination of feasibility; however, concept design 
calculations indicate that the bridging conc.ept is potentially feasible. 

The Braced l>.rch Bridge concept may be emphycd in rr.odifying 
existing bridges to the extent that the C)ncept is determined to be technically 
and economically feasible as a new bridge cancept. The existing bridge 
types which may be modified incl'_lde both si.mple and continuous spans over 
three or rnore supports. A general appraisal of the use oi the Braced Arch 
Bridge concept in modifying existing bi·idges may be realized by Yevie\ving 
the concept design inforr:1ation contair.ed in Figures 15, 16, and 17, as well 
as in Tables XII and XIII. 

*Stayed Girder Bridge, Braced Arch Bridge, ani Leaning Piers Bridge. 
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3. _Leanir.g l~~.E.2 ]!ridr:e_ 

The Leaning Piers B1·idgc concept may be: employed in effect­
ing rr:.odifications of existing bri(~gcs to accorn})lish removal of ha2.ardous 
supporting structures. Lirnic;abons on the use of the con<..e;_>t, in general, 
as well as limitations on the usc of i_he c~'r.ccpt in the rnodified bridge" 
application, raise que~,i.ions conccr:c'.i'•g the effectiveness of the concept in 
the m.od~fied bricigc applic?tioJ:. T.Jndesira_ble, but not unrnanageable, 
aspects of the concept itwolvc axial forcc:c in the 1nain horizontal girders. 
These forces can be accomn1odated in new bridge construction by e!npk'fitJg 
continuous girders \'.:ith approp::-i:ite rcstrCJ.ints aga:nst buckling. Existwg 
bridges to be modified usinf( this ;:oncept must be two-span continuous 
structures capable of being braced to carry axial loads within continuous 
girders system. A gen(;ral appra~sal o£ the appearance ;;nd c~esign c harac­
teristics of the Leanin(! Piers Concept employed to modify an existing 
bridge may be realized by rev!e·.':ing the information and data contained in 
Figures 18, 19, and 20, and Tables XIV and XV. 
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V. PRELllviF~A'tY DESIC:-:s i<'OR SIGN AND LIGHTING 
SYSTE;A SUPPOWf ~iTRUCTURES 

A 3tn,ct1J::-al clc~:i;;!' concept f:,r c:c1ppo::ting sign and lighti:~g s:isl.eJ~'1.5 

v.·as selected for prdirn~n;~.ry desig:-1. <:i.ler•tion frcrn seve1·al schen:ws con­
sidered in the concept ckvclopr:H;nt <~r.d evaluation po•tion of the project.~' 
This structur~1.l design ( :wc:cpt is rc,;po:,sjve to specific sign and lig!:'lting 
requi.;:emcnts (idcnti.Lir:cl i:1 the discussior:.o: \'lhich foll•Jw) rather than being 
advanced as a univers2.lly i'.pplica.bl;:; .;:c:.:iguration. Design c:;iteda 
ernploycd in developing prelim:nary c:lcsig~1s include geometric, load, and 
aesthetic con:c:icicrations. The!1e cl"iteria arc p'"escni.ed and discussed, 
with the simplifyjng assurnpiions m'lde, in Section II, Paragra?h B. 

New sign support concepts can be plact. 1 into a context cornpatible 
with definitions of sig·1- SUf·porting structu:::-es contained in AASHO sp(~cifi­
cations. Theo;e definitions arc shuwn in Figure 2 7 as follows: ( 1) balanced 
buttedly, {Z) unbzlanct?d butterfly, (3) cantilever, (4) sign bridge, (5) si5n 
bridge cantilever, (6) strucbue mounted ~.ign, anJ (7) road s~de sign. The 
two butterfly design~; should not be used in new construction {and, where 
poasiblc, t;tey shou~d be remS~veJ from existing construction) because thP.ir 
design application calls :for place1ncnt in a "gore" area or in an area t:,_at 
rr,ust be in ·' · ; proximity to a travel w«.y. The sign bridge cantilever 
should fi,1d no future application for the satnc reason. Structure mounted 
signs a:!:c not \'!ithin the scope of t:1is study, although it is noted :hat usc 
of bridg{; structures for signing pur 1,oscs i: proh<::.bly not as prevalent as 
it !>hould be. Roadsidfc ~•igns do not present hazardous m:lssive suppo:t 
structures if they <>.re positioned away from proxi:-1 ity to the travd way, 
or if they arc configtircd to be of breakaway design. Thus, the ;:cmaining 
st·ructures (i.e., the cantilever and th~ sign bridg<!) are the only types of 
sign supports requiring efforts direc-ted toward the elimination of massive 
structures. The sign cantilever was selected for preliMinary design atten­
tion because of its more frequent usc, <::.!though several fcasibJ e sign cantile·Ier 
and sip1 bridge ccncepts were advanced in the conct:pt development pc,rtion 
of the program. Bdsic geometry of the sign cantilever concept selected for 
preliminary design is presented in Figure 28. Applications, analysis, 
preliminarvdesign, and cost dL:;cussions are included for this cable sup:-orted 
structure in the following paragraphs. 

l. ~lications Discussion 

A cantilevered sign support structure en1ploying cable supports 
v;as :>eJ.ected for preliminary ciesign conside1·ati.on. This structural config­
uration rnLty be employed at road!>ide and ran1p locations which require 

::'Included in Volume I (Research Information). 

63 

PRECEDI~G PAGE B~A~K 



ca~) 
A:J-4 (......& A.+r.; IT' 0 
~Y?"Tiir':;'J'Jci"';.,.y' 

(g) 

V-v'/:.<1£.~ p,".-;;:t:_ :r.> 
,f:.ll!/?=-;r L~~i ~~ ~~~ : .. ' 

C-pj 

II 1 
(~) 

.<::::A ,_,.,.. .r e.JJ! vl?IZ. 
'If.[..,;'! J-Y'? :c·~.,;~ ~1{._/ I 

fi'M-:;:Hr oP.P"arr:,rtit) 

..Sh:tJ./4/ a R./ ca t'Jl ~ /./?-"t!..A7tt'aa. 
CI':?/.::;;;.Nr .S:M'C!>.~-Vtf'./1 L..t::rPr "'><;Pt:-'o.-z/r6f.) 

/.;;l<:>A .0:;; ;' .OE= S' / ..3: A/ 

FIGURE 27. SIGN SUP?O.RTING STRUCTURl-:S DEFINED IN 
AASHO S!r.:::;:·J SUPF'Ort.T SP:CCIF'ICA TIOJ:\S( 3 } 

64 



information display over or ::dj2.cent f.o r<:c;-nps or the outside t.r:tffic: lcne. 
Situations which reyu;r,: information dis?ldys over more than on(' tr<:.ffic 
lane will requir.e a ~igr: ::-i·id;;·"· or sif,:.s nl3.)' bt lo::ated on a bridge struc­
ture. 

The clE;ar<!.nce :ru:;:::remer,:s il:i.:1:-.tr<>.ted i.n Figure 1 for sign 
support st:ructur~s are p,-,_L·ticula.rly demanding for cantilevered structural 
configurations. A fx ce 5l<tnding unit meeting str;:!ss and deilect'-vn requi1·e­
ments(3) \VOulc Frobabl)' be curveci in confi;:;ur<.>tion and be relaLvely heavy 
in design. A c'lble su~)pcl"te(1 s:.ructure such as t=: .o ..;onfigu':'ation presented 
in Figure 28 has potential for rr.!nir:1izing the weight of t;,e systun; hmvever, 
there are dis'ldvanta:.~es associz·teci with this configuration also. 

The structural system describc;d schematically in Figu:re 28 
consists of a compression rne:rn 1)2r (main pole unit) inclined at 15°, ~·No 

supporting cables which have been prctens:oned to a specified force magnitude, 
ar.d a cantilever ar:11 which supports the sign. The geometry of the system 
pla(;es the sign above the minl:n•Pn clcan:.r;ce :requirement of 18 feet; this 
constitutes a m.ajor di.sCJ.dvc.ntcge. The system is statically indeterminate, 
th•:!refore, it wa.s necessary to develop a detailed method of anJ.lysis to 
guide the prelirninary design; r:-::.is method cf analysis is presented in Appen­
dix r. It is noted th:.~.t the analysis method is based on a three step erection 
sequence: (1) Erect :n.:...in polL id,it anc1 cantilever ann {uuit will stand •1nde':' 
its own weight), (2) Install cables and pretension to amount of force 
specified in Table XXI, or to a force m~~nitucie wh~ch exactly compen~-Ltes 
for the dez.d load d<.flccti.on of t~c c01nprcssion men1ber at its upper enc, 
and ( 3) Install sign unit. The c~-cble prelo2.d specified will assure th?.t the 
cables v:ill rernain in tension ·.vhen the system .is subjected to any ce-mbina­
tion of maximum design lo.1d conditions. This initial, pretensioned condition 
assures the integrity .,f the s:rstem, reduces deflection unde>r load and mini­
mizes adverse dyr.amic effects. 

A preliminary desizn for a cable supp0rted, cantileve::- s1gn 
support structure is presented in Figu1·e 29. The c01npression member (main 
pole unit) has been designed as cL circul;;.r tube wHh a constant cross sectio:>. 
Torsional stre2ses in the r-.:-1ain pule unit which result from wind luads on the 
face of the sign par:el n1ust be carried by this member. Axial forc<2s, 
end 1n1rnents and torsi . . m must be considere:l in dcsigninc, the mai!1 pole 
unit. The design is "balictnccd" in the initial (pretensioned) r·ondition so 
that strc::;ses in the svstern rernair. within lin1its under all load conditions, 
'.lnd that the cables are always in tension. 
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FIGURE 28. ISO!v1ETRIC SCP.EMATIC DRAI\'1:-\G OF SIGN 
CANTILEVER DESIG:'-l" CONCEPT 
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4. Cost Discussion 

Costs of the prelimir;:tr;r design presented in Figure 29 may be 
considered only on a rc:lative basis ~n comparison with a free-sta.nding 
structure which meets identical t;cc,;r~etric requirernents. The cable supported 
system will weigh less than a corn.parable free-standing w1it, since la.rge 
bending moments in the frce-sL'.rlciin~ structure which result from wir!d, 
ice and de~d loads are 1~inimized in tne cable supported structure by the pre­
tensioned cable supports. A free-standing unit which provides ti1e same 
clearances would like l.y be curved in configuration, rather thc.n straight, 
thus sugg.~sting that such a unit ::·nay be 1nore expensive to fabricate. 
Savings in weight 2.nd fabrication, in the cane o£ the cable supported structure, 
may be offset by 1ncreased ir.stallation costs, although efficient erection 
procedures and eCjuipment could be developed to minimize this expense. 

B. Ligr.ting System Support Struct-.lre C~mce.E!:_ 

Present-day lighting system support structures that p:::opedy poidtion 
lurninaires above the roadway can br~ grouped into two general cc:.tegor'.es: 
cantilever supported and overhead supported. The cantilever supported cate­
gory includes discrete, free-standing structu·res such as the pole-arm unit. ' 
The overhead supported category includes bridg;e strut:turcs, as we:l as cable 
suspension systems. A specific cantilevel· supported sche1ne which rr,ay be 
em.ployed to SUSJJend lum.inaires at heights of 40, 50, and 60 feet above the 
roadway was selected for preliminary design conside::-ation. This type of 
lighting system support structure was se:ectcd, ir.. prefe::-ence to the over­
head supported structural type, because of its frequency oi. use in general 
lighting applications. Basic geon1etry of the cantilever supported lighting 
system cencept selected for preliminary design is presented in Figure 30. 
Applications, anaJy.:;is, prelirnin"l.ry design, and cost di.scusdons are inc:i.uded 
for this cable supported structure in the following paragraphs. 

A cable supported structure intended for general application 
along the edges of the roadway, including ran1p and intersection sites, was 
selected for pz·clir<1inary design frorn several cantilever and everhead con­
cepts considered.':' Several specific geornetric configurations of the basic 
concept were considered and preliminary designs for each of three luminaire 
heights (40 feet, 50 feet, and 60 feet) wE:re developed. A 30 -foot lumin<:cire 
height using the ca. ble supporteC::. concept was deterrnined to be i;npracti,.:al 
and not in line \vith trends toward higher li1ninaire positions. The thre 3 

prelilninary desi;ns ·:"ce-,eloped are sin1ilar in configuration. The comprcs­
sion member (main pole unit) must clear a point defined by the 18-foot vertical 

':'See Volum.e I (Research Information) for concept desigr>s. 
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FIGURE 30. ISOMETRIC SCHEMATIC DRAWING OF CANTILEVER­

SUPPORTED LIGHTE~G SYSTEM CONCEPT 
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and 30-foot hoJ:izontal ck;:.:rance r~:quircrnents prescribed by Figure l. The 
luminaire itself is located as dose as possible to the in~ersection of the cables 
and compression members to minilnizc induced bending momPnts at the pole 
end. In the configurations p:rcsent<2d i:hc lmninaire is positior~ed over the out­
side edge of the roadw.?.y. 

The strucL1ral system des:::r:bed schematically in Figure 30 con­
si:-ts of a c:Jmpression m.embu- (main pole unit) and two cables \vh~ch are 
pretcnsioned to a specified force magnitude. The system is indeterminate; 
therefore, a detailed mcthori of analysis was developed to :;uide the prelirni­
nary design. The method of analysis is pres en ted in Appendix F. There are 
liO cudes or spccifica tions currently in use which govern light standard 
structuru.l design; therefore, conservative wind and ice loads were <:ssu;ned 
for use in designing the three lighting systems. A wind force of 50 psf and 
an ice lead of 3 psf were employed for the mab pole unit and luminaire, The 
wind force v;as considered to act horizcntal~y in any dirt>ction so as to pro­
duce ma:dmum conditions for design. The erection and cable tensioning 
seq•1ence is important and will influence analysis and design, therefore, the 
construction procedure must follow the following steps: 

(1) Erect compres;:;ion n1ember, anchor to footing (main pole 
unit will stand under its awn •veight) and 

(2) Install cables and pretension to specific amoun~ of force 
specified in Table XXll or to a force magnitude which 
exactly compensates fc'r the deJ.d load deflection of con1-
pression rnen1ber at its upper end. 

Table XXII summarizcf the forces which result from dead, wind, <tDd ice 
loads, as \Vcll as the preload, for tl1e three prelitninar · designs. I':otice th&.t 
the specified ca ':Jle preload will assure that the cables will remain in tension 
Yvhen the :>ystetn is subjected to any con·,bination of maximum design load 
conditions. This initial pretensioned condition assures the integrity of the 
systen1 and minimizes adverse dynamic effects. 

3. Desig:. Discussion 

The geometries of th three prelirninary designs are comparf'd 
in Figure 31. The compres,;ion members have been designed Cis circular 
tubes with constant cross sections. However, the nature of the loads in:posed 
on the cornpres sion rnernber ir,dicate that a tapered cross ~t>ction, \Vith the 
maxi1num section at the lower, fixed end, wot:ld represe!'t ~he optimu;11 design. 
Use of a tapered sec<ion will complicat:? the indeterminate anal.ysis, altl'OllS1

1 

the weight savings made possible through this effort may justify the anJ.lysis 
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re:inemE·nt if large qu;:,,n\ iti.cs of ~he n1:l.in rnli! t.nits are to )Je prod'-!ced. The 
con1pression men1ber fur;c'.ions as a hearn-colun1n, thereiore, axial fo~·ces 
and end molT•.2nts m.ust h . .; conc;i(:ered in a'1aly?.ing the unit's st0!)ility. Pre­
L:r'cn:>.ry designs for the t!-:r<'v 1.\~Jninairc }·~eie,~ts ar:- ;"':"Csented in Figure 32. 
The cable size indicateC:. •.v&s •:>:tt::nni;v.::i :)y stif[ness, rather than stress, 
conf·iderations. In ti-,is rcs~crc.', it is not2d th<it the design is ''ha.lanceLl." in 
the initial (vrctensioned} cor::l;tiun so that ''tl·l·sses in the system re1nain 
within lirnits ur.ucr all Juv.d conditir .. r;~,, a.a.:l ~i·,at Lhe cables are ;..1ways in 
te!l.s i.e .. :-~. 

4. Cost Discussion 

It would be difficult to dererm.ine exact costs (Jf the iighting 
syE•tem desigr.s presented in Figure 32. The system should weigh less than 
a free-standing ur.it \vhich provides the ::arne cl,~arance, since large bending 
mom.ronts in the free-standing structure that result frc:n ·;;>r:d, ice and dea.d 
loads a1e eliminated by the pretensioned cab~e supports, Savings in weight 
r:1ay be offset by increased installation costs, although it a?pears that 
eEicient erection procedures and equirJment coEld be easily- developed. A 
free-standing anit which provides the san1e clearances \.Vc.uld liLely be curved 
in configuration, rathe1· than str;,.ight, thus implying that such a unit May be 

more expen&ive to fabricate. 

74 



II 
! 

• I 

~~ 
I 
I 

I 

,a,-,. g" ""' ~. ~t · -'.114-
--., :.r.> PStl't.. 'rc./6/1 

L_ · --+----. 

~ 
· ·7 ·~~ 

:$-:1. ~· 
--l 

Gi>7. 

. L+--fi.S· ~IS' 

• 
~ : 

L! 

G?' 

/:;>. 7 S .. o. c . t< . .!'7S '' 
~~' :sr~t-44. rviJII! 

I 
I 

-r! I \-
~ 

.JB. '?S.- -L 1&76'~ 

l 

FIGURE 32 . PRELIMINARY DESIGNS FOR CABLE S 'JPPOR T E D LIGHTING 
SY~TSM STRUCTURES (40-, 50- A!'ID 60-FOOT LUMINAIRE HEIGHTS) 

75 



VI. SUMMARY .1\ND CONCLUSIONS 

The structural concept;; and lYrdirninJ.ry dedgns for highway <lJ);:>Ur­
tena.nces presented in U1is vohun!! of the :.~chnic;al report represent th(; 
results of research efforts, comFtr:;ti.-.·c ·~valuations, and preliminary design 
activities conducted as a pa·d u.f the IJurc«.u of Public Roadc; 1 45 Prograr:1. 
Preliminary designs pr esentcd for nt;w bridges, m.odified existing bridges, and 
sign and !ight support st:ructur cs W•H(; cle"..:!loped in rc sponse to geometric criteria 
suggested by recent trends in rcquiJ:·emems for highv<ay safety. T.n orcier to include 
as n'luch qna.ntitative information as po.3sible in presenting prelirr..in;:;.ry designs, 
specific structu1·cs \verc defined for analy-s :s and design. The resulting 
preliminary designs are not universally ap:)licablc; however, the quc..n:itativc 
inforH1ation presented will provid'~ th;: highway engir,eer with data for n~aking 
ilppraisa.ls of the structu.r&.l effr;cti·J'eness, economics, design, and construc­
titm C0'11plexities, and aesthetics regardi11g the various conc:eptual structures. 

Specific observ;1tions re1ated to individual structure!; concepts are 
presented in ~]·e portions of the report concerned with presentations of 
p:::eliminary designs. In addition to these specifir: observations, the commun 
geom ~j,_ require;ments upon which the preliminary designs were based permits 
add .r., , more general ob~,ervc..ticns concerni.ng the relative merits of 
the 2v .. ·al concepts within each of the: t\·;o new stn1ctures concepts cde­
gories [i. c., (l) bridges ..:.ud {2} sign and lighting system suppo:~t structures!. 
These general, co:nparative ryrJ{:s of ooservations are surnrnarizeli in the 
following paragrapl-.s. 

A. Bridge Conccr:.ts Evaluations 

In comparing the three cable-supporterl bridge concepts pres..o:1ted 
as preliminary designs in S'3ction~ !II and IV, the number of factors that 
may be considered are relatively fev; in number, when &?caking in general 
tern·1s. Econornics is an important comparison pararneter; in fact, it is 
probably the most accurate n1easure of concept effectiveness. Other 
important comparison considerations are design flexibili.ty, aesthetics, 
site adctptability, and relative safdy. The last factc·r is incbdcdbecause 
the concepts p:-csentcd may appear to possess potentic>.ls for catastrophic 
failure in accident sit,_tations which· r·:::3ult in the loss of one or more of 
the cable F;upports. Each of the com:,;arison pararneters identified above 
will be er1ploycd in the following discussions to effect a :.:clative ranking 
of the bndge concepts within t!H.:ir respcctjve categories as a means of 
summarizing and presenting evaluations and conclusior..s. 

1. Economics 

Prclirninary cost. estimates wc:re prepared for the specific 
preliminary designs presented. The estimates were basP.d on current unit 
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prices, estir:-1.ates of the CObt:; uf t!nconvcr;~jor;al co )f'tru.-:tion, and liinitcd 
experience with bridge !Yl.odi fic<>.f:ions. \'v h; 1<..~ th·= cost da.ta art: quantit~tive, 
they should be considered to i-·rc•vid,; o:~ly ;,_F; .. ::oxinw .• ~ projections of actual 
costs. In cornparing tL •. : e:;ti:·r,;.\:ed co::;t:: c,f ~i1e two Bridle Bridge concept 

configurations with the t.!stir-n<•.ted cot::t of tl•c· L· cu,ir.g Ar-::hes Bridge r.oncept, 
no clear rankinf; b<tscd 0;1 vcor,:Jmic~ is dis(:Cl"'•ible. Although th<: Bridle Bridge­
Hin~~ed Configuration has,;;_,; }o· .• ,,,r pr:~jcci:<·d co~:.ts, the cstirnates are sufficiently 
sim.ilar tr, indicilte tha.t there 1 c.; rHJ subst<.i'ti;11 6iffercnce between the costs of 
these two concp-=ts. It 1n<t;.· he ccnjedt~:·ed, hCJwever, that ha,d the geomet1 ic: 
requirements been such that a. longer sp::in was required, th(~ Lea.ning ArchP.s 
Bridge could have proven to be thr, most econor.lical. 

In considering the estimated cc.,ts of prelirninary designs 
id<:ntified with modif1cations of existing structures, the Lea:1irg Arche~ 
Bridge concept is clearly the rnore economical, '.vhcr, cornpareci to the 
Frame Bridge concept. Although it was pointed out in the preliminary deJigr 
discussion that the Frame Bridge could experience significant weight reduc­
tion through design optimizaticn, it is not likely that this savings would 
make it competitive with the Leaning Arches Bridge employed in 'l sirn!lar 
tnodification application. The cost cstirnates reflect an economic advar.tage 
in salvaging the existing structure, as opposed to constr'1cting a completely 
new bridge, when employing the Leaning Arches concept. If the existing 
bridge were repla:::cd, raH:cr than modific 3, cost of remuving the existing 
spans \.VOuld have to be considered in conjunction with !1cv; bridge ccsts 
refJecfpd in Table III. l>dcLtional bracing which must be added to the 
existing spans to resist increased lateral flexiuility may, ir. some cases, 
rule out the usc of existing spans; hcwever, o;pccific bridl:>e s~tuations 
would need to be considered on an ir'divicltJ.al basis to provide a complL·tc 
picture of the cornpl exities ir:.volved in retaining the existing spans. 

2. Design Flexibility_ 

In considering potential uses of the concepts presented, the 
highway engineer will be confronted with a multitude of geometric situatic,ns 
in addition to the q,-:ciiic 0'' skew situ<'.tion (Figure 1) used for developin6 
preliminary desi0ns in this study. He may find certain of these design 
concepts to be adaptabk over a wide range o.f situations, 'vhile others will 
be limited by the clea;· span capabilities of the concept. The Le-ming 
Arches Lridge appears to be the more cffici~nt structural concept when 
sp<lns long.:!r than the specific example span are considered. The Bridle 
Bridge could conceivably utilize additional c:1bles to provide more than 
one interm<::diate support for the spanning girder, although this, in effect, 
constitutes <! different design. In this regard, it must Le emphasized that 
the prelirnina~y designs illu~:trat~d serve only to introduce the structural 
concept and d<osign rnethodolugy; they arc 110t advanced as the d.lswer to 
all situations. As the designer becomes familiar with the feasible concepts, 
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design refir1enl.ents "vhich rnay pruvide n1.o-:e desir<lblc solutions will beco:nc 
evident. It appears t~;at t}~-::·: L!c,:.nit~g J..::-ches BTiclge provides tl:c designer 
with considerable flexilHlity in bci::g -t':ll<; to accommodate a range of tndging 
1 equi l"~me nt s. 

3. Aesthebcs 

Th8 p4rdroeter identified :ls aesthetics providet. the ~J2sis fm· 
(::ffect~ng contrasts l:d•:;~en -:oncer_,tf> !:1 <.:ccon1plii;hing a general type of 
comt=.arative evahl3-tic}r;, In order of tb::i::- more ple<> sing <1ppearancc, the 
three feasible b!·idge concepts may he ranked: {l) Leaning Arch~s Bridge, 
(2) Bridle Bridge, and (3) Frilme Bridge. The Leaning Arc he:: Bridge r;;nks 
first in · .• ppearance, although the Briel..: Bridge is not aesthetically ~:nplea...;­
ing. The Frame bridge is n-::>t considered to ?'Jas.;ss aesthetic appe <J. 

4. Site Ad:.:ntabilitv 

Certai.1 sites may limit the deE:igner in the av?.ib.ble r.u:nbcr 
oi applicable bridge concept alternatives. The adaptability of the Lc2:1ing 
A:~chcs Bridge to roadway cut locations has been discusserl. This type of 
si.te location is \deal when considering foundation requirements, as 'well 
·:tS when considering aesthetics. The Bridle Bridge span c!oes not have 
overhead obstr.:.ctions o·.-er a la:rge portion of its sp:m <u:<.l I night bt: t::ffec­

tively used \.vherc cle.::.rances are critical above the overpass (c. g., in 
multilevel i'1terchan.r;cs). Howe.;er, cable tics from the tower wr.'.ch tenni­
nate off of the structure could present an obstacle to general applic~;.tion 
of the Bridle Bridge concept {e. g., in areas where a frontage roaJ intersects 
the crossing roadway ncar the structure). Vertical clearance requircmer.ts 
might elimina.~e crossing of the acc(.ss roadway with the cable ties. The 
Frante Bridge and the Leaning .Arches Bridge are comparable from a site 

adaptability stand:roi~t. 

5. Safctv ___... 

A definite disadvantage of the cable-supporte:d concept" pre­
sented in this study concerns the possibility of catastrophic fd.ilu.re::; of the 
str,~ctu:res if loss of one or more cable supports is experiencd. The concepts 
which are adaptable to simple spans configurations and the concepts \vhich 
employ hinges in a span are particularly vulnerable to catastrophic fc.ilure 
resulting frorn loss of cable support. Treatrncnt of this st:bject in nev; 
bridged·~ sign codes for cable- supported structures will be necessary if these type 5 

of bridg':!s become extensively used. There a1·etwocours•:;s of 2ctio:-1 which 
can be pursued to .respond to this problem. The first would be to require 
the bridge d::;si~;n to be such that loss of a single cable support would not 
result in failure (i.e., design the bridge to support de<.:.d and live loads with 
a critical cable St.;.pport removed}. The second course ":lf action would be to 
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provide the c<:bles with adcc>~t,_C! prot•:c',ic:n frorn vehicles impacti."lg the 
bridge rail, through pr::n:i;,;:;c,:• of J. rii>,ici. hridgc railing which limits 

deflectior!s from a specified il:-tpacl to v."dues less than the cl-.;arancc 
provided between the- l"itil 2..n<:! cable. /-. tLorough study of this problem 
has not been conductcc\; hov;<'! .·er, the rz.nLi!·-,g fo.r the nev-1 struc:ures con­
sidered, with reg2.rd to th~s 'ype of ,;::;.fc:y, is: (l) Lea.ning A1·ches Bridge, 
\2) B~·idle Bridge (contirmo'''' ), an.d (3) Dridl<! Bridge: (l ~ni;cO:). Foe existing 
structure modificatior>. concepts, th" tw·) ,<cLcmes presented {Leaning 
A~ches and Fra1ne Bdd:::,-::s) ·ere cs~:cllti;:,lly e<lu;:,l with regar:J. to rel.J.tive 
safety, meascncd in tcrrns G~ effeci:s o.f luss of cable sup_;::;orts. 

6. Bridge Evc..t1lJ(ltion S"...llY1rY'::..r\r 
--·--~------ ,,~ ... --.~·· 

Bridge concert eva.1uation:: <.re smn1narizec. lr< Tab1e XXIII. 
Although it would be ncces sary to attach v.-eighted values to the rc.nkings 
introd,~cect in previous par;cgraphs 2.ncl summarized in Table XXIII in order 
to est.-:- blish overc>.ll rankings, it appe2.rs that the Leaning Arc:1es Bridge 
is the most effective overall concc:pt within the new structures category. 
For the IT'odification of existhg strudurcs ca'.:egory, it is evident that the 
LL~aning Arches Bridge is clearly the most effective overall. 

Other bridge ~ onc•~pts which were ;;.ot carried to the preliminary 
design Etage, hut which showed promise as being feasible, arC' the Stayed 
Girder, Braced Arch, and Leaning Piers Briciges. For r..cw structures 
applications, the Stayed Girder is apparently the most effective of the three 
in respondir.g to economic, tlesign D.exibility, ;::;.esthetic, and S"'-fety requirc­
nlents. Sine e this concept is n:::>: 2.pplicable to applications concerned with 
the modifjcaL.:.;· of existing st-ructures, the Braced A1·ch Bridge concept 
provides the lY•Ore clesirc.b}e :::ituation, when compared to the Leanir~g Piers 
concept, in responding to r-r;,odified existi:1g bridg"' require.cnenrs. 

B. Sign and Ligl1ting Systc:-y, Support Structure Concepts Evaluations 

The cable supported 8::.gn and ~ighting system sup~ort structu1es 
prelirr.in~.r~r designs presented in F~~ures ?.9 and 32 concern single sign or 
lu:ninairc units which are ccJinrnonly C'mployed along the roatlway and at 
rarnp locations. Both sysLems ein_nloy the s'"me design concept, i.e., a 
pretensioned cable supportE;c;. configuration with threefold design objectives: 
stabilizir:.g the structure against adve1·se dynamic effects, rninirnizing deflec­
tions, and saving total system weight. The pretensioned ini:.ial condition 
assures that no cable cor.1ponent will go "slack" ;lnder :1;.axin1un1 adverse 

loadings and, thus, conErms the stability of the system. 

1. ~ign Supp0rt Stn:ctures 

The crtble supported sign support stn"cture is perhaps the most 

simple, feasible solution to the relatively derr.:>.nding geometric design 
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TABLE XXIII. BRIDGE CONCEPT EVALUATION SUMMARY 

Evaluation Paran1eters* 
Site 

_____ B_r_i_d-"g e Con c ~pt '!;" • 
~-conom1cs . . 

Design 
Flexibil~ Aesthetics Adai?t2 t,ility 

1. New Eridge Applications 
Cateo:;().EY 

Leaning Arches Bridge 

Bridle Bridge (Continuous 
Girder) 

Bridle Bridge (Hinged 
Girder) 

2. Modification of Existing_ 
B1 idge Applications Category 

Leaning Arches Bridge 

Frame Bridge 

3 

2 

l 

2 

1 1 

3 z. 

2 3 

1 1 

2 2 

~'Rank within applications catf'gory, with respect to other concepts within the category. 
tEquivalcnt rankings. 

3 

2 

-t 

Safetv 
---'· 

2 

3 



criteria of Figure J. nthouzh 1_!l,c cys1ern prcSCP-ted ;s responsive to (lc;-;i_~n 
. . d l . I< 1 ' • • h critE:rla an' CO(O recit.~::.·c:rn-c.nts•--'·, thEC <e>catlon o1 t c sien panel itself abc,ve 

the rniair:num requir::-r'~ c'earancc :::: a definite disadvantag2, This po.-,ition for 
the sign panel cannot be cr;c.de lower, while retaining required clearance~:;, 
without further slopinp_ ;cwd lengt}~,~n;nr;- the main pole ·unit. Angles with t!1e 
horizontal less than the ·15° angle !I!n;;;tr:".ted in Figure 29 are not considered 
feasible, Sir.1ilc:.:rly, cm·ved -;:>ole, c1; .its under pre-tension leads arc not 
considered ieasibk. rn,c altc:::J:;:;te desizn, a free-standing singb pole unit 
which places the sign p::.nel J 8 fct:'t ~:.l.JO're the roadway, appears equ2Jly 
infeasible because c>£ relatively hrge bending moments and deflections, a.> 
well as dy;1a1nic stability prohlerns, which wo;lld result from wind loads 
acting on a sign panel rrc<::;t<ntcd )!1 a relatively long car:tilever. 

The cablc-s,.lpported lighting system support structures p:·e-­
liminary der igns {Fig. 32) employ the same basic design concept as the sign 
su.oport structure. 'l'hese prelinino_ry designs appear to be efiecdvc solutions 
to the demanding safety related geometric cdtcr~a of Figure l. The luminaire 
heights of 40, 50 an~ 60 feet allow the main pole unit to asst:re reasonaolc: 
angles of inclination, and the relatively small loads on the luminaire itself 
{when compared to the sign panei load a) minimize adverse effects of moments 
and to1·aion at the main pole unit's upper end. The "balanced" pre-tensior.cd 
structure is structurally efficient in responding to the loading :::onditions 
presented and should compare fa.vorably with an alternate, free-standircg 
cantilever design. 
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