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I_ INTRODUCTION
Exposition

The essential characteristic of an arch is that it de-
velops oonvergont reactions when loaded, This eharacteristlc

distinguishes the arch from structures which develop dlver•

gent reaotions, such as susponsion bridges, and from the large

group of structures which develop parallel reaetiens under

normal loading, The arch may be segmental er curved and built
def

wood, stone, briok, oonorete, aluminum, cr steel, The arch,

however, ie not defined by gecmotric proportions er material

but by its structural action,
·

Being simple to build and pleasing to the eye, the arch

is one of the oldest forms of construction• Archaeolegiets

believe some examples of masonry archos to be more than 5000

years old, Many oenturies passed before the beginning of

scientific analysis, consequently, the oarlier builders usu-

ally depended upon great mass and weight for strength and

rigidity, The old types of masonry archos were statlcally

indetorminate to the third degree, During the last century,

the use of concreto and steel with greatly increased knowledge

ef structural action has produced many changes in the types

of archos, The insertion of hingen has reducod their degree

of indoterm1naey• As a result, the arch has become light,

gracoful, and eonsequently more desirable structurally and

archltecturally, It ie strenger and more efficient, and arch
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bridge spans have increased tron 500 te 1650 feet, While

ecquiring new shape and form, the arch has been adapted te

a variety of applications, Welded steelearch reef france,

fer example, bear little resemblanee te the elassie stone

arch bridge, Hevertheless, the same structural action oe-

curs and the identieal structure! theory applles,

the tiret major ntee1·areh bridge was the Bade Bridge
— at St, Louis, completed in 1874, Since that time, hinglese,

two—hinged, and threeehinged steel arehes ef many varietlee

have aehievcd proninence in the bridge field. The three•

hinged arch has been the most popular type beeanse of ite

eaee of analysis and ercetion, but the notable long span

steel archos today are ot the two•hinged type, Thin ls

ezenplified by the world•e two longest arch spans, the

Sidney Harbor Bridge in Australia and the Bayenne Bridge

over the Kill van Kull at New York Gity•

The spandrelebraoed arch in an lnportant type et steel

ßfßh for bridges, Perhaps trem an aesthetic viewpoint it

does not rank with other arch types, but in all caeee it

is a more handsone structure than ordinary trans bridgee•

For bridging deep gorges where natural abutnents pernit

eutticient rise and are capable et resisting large thrusts,

the spandrel•braeed arch is particnlarly adapted• A deep

gcrge, hceever, ie not a neeeesary condition. This type ot

arch san be used te bridge etreams with gently sloping banke
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if base rock is near the surface and approach spans are

added.

Whether spanning steep canycns, swift channels, er

sites ot water·traf£ic activity where a bridge cannet be

erected by falsework, the spandrel-braeed arch presents the

advantage of easier erecticn which can be perfcrmed by the

cantilever method• This is done by treating each half ae a

eantilever held by temperary tie·backs until the center een-

nsctions are made,

Conpared with other types ot steel arehes, the spandre1•
T

braced arch is the stiffest and most eeononleal for bridges

of intermediate spans• They are eenstrueted with either two
‘

or three hinges and have been used eztensively ter both rail- A

way and highway bridg•s• (Bee Appendix A for a table ct

notable spandrel-braced archbridges•)Need

for the Study
l ·

The relative merits et twc·hinged and three•hinged arshee

have been a subject of much ecntroversy among structural en-
4

gineers, The main point cf disagreement has coneerned the

relative eecnony of the two types of structures,

Hudscnl made a eomparative study of the weights of

a200·!oettwo•hinged and three-hinged spandrel•braced arch

designed for highway leading. Ccnsidering only the weight
T

s cf the main members, the twe·hinged type showed a saving ef

s.s%.l
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Jaccbya condactad an invaatigation cf tha ralativa

waighta of a 500·faot •pandrc1•hracad railway arch daaigncd

as a two•hingcd and thraawhingad stractar•• Ha raportad a

aaving af atcal in tha main traca nanhars af 0•84! for tha

thr•a•hIng•d arch,

IaddaI1‘, In a trcatiaa an at••1 arch hridgca, incladad

a ccnpariacn of vaighta cf nain aatcrial far a 500•fcat apan

tva•hIng•d and thr•••hing•d arch cf tha hrac•d·rIh typ••

Tha tvc•h1n5•d arch shcwad a aaving cf ax daaignad far high·

way loading and a eating af 5! tor railway 1oad1ng•

Hcva‘ raportcd that tar a alßofcot at•aI arch hridga

tha aaving in vaight tor a twc•h1ng•d cvar a thrca•h1ngad

typa waa 6•9!•

Kanus conaidarad that, in gancral, tha waight cf ¤•ta1

in a thr•a•hing•d arch bridga and ita latcral hraaing waa

about I5! Iasa than that for a aonparahla twa•h1ng•d arch•

Tha variaticnc in raaalta cf thaaa atadiaa Indicata

that ac ganaral rula aan hc aatahliahcd ccncarning tha

ralativc accncay cf tha two•hing•d and thr•a•h1ng•d arah•a•

Ancthar point in conaidaring tha two typaa cf atracturaa

has haan thair rclativa •t1ffn•sa• It ia an accaptad fact

that tor arch atructuraa cf tha sana cv•r•aII ataanciona,

tha tvc•hingad ia atiffar than tha thr•c•h1ngcd arch-bat ia

tha diftarcnca in stiffnacc af any major xnportancav

A turthar point of inportanca and a alacsical argunant

against indatarninata atruotaraa, in which catagory Iiaa tha
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two-hinged arch,has been the effects of displscement of
·

supports upon the stresses in the main structure. The im-

portance of euch stresses will very with archos of different

hproportions.

It appears, then, that when an arch structure is con-

sidered for a particular location and use, an intelligent

choice between a twc•hinged and a three•hinged arch can be

based only upon comparative designs of the two types made

under ldentical specifications.

e The Problem

The problem considered in this thesis was the analysis

and design of a two-hinged and a three-hinged spandrel

·
braced arch highway bridge end a comparison of the two

structures, The comparison was made on the basis of weight

of the main trusses, their relative stiffness, end the in- _

fluence of lateral displacement upon the two structures.

The cutline and general dinensions of the spandrel-

braced parabclic arch, designed with two hinges (at LO and

L10) and with three hinges (at LO, L5, and L10), are shown

xn Fig. 1. For the bridge structure, the arch trusses were

assumed vertical and spaced 28 feet center to center with s

26 foot rcadway. This particular arch structure was chosen

because the writer had made a partlal analysis for the two-

hinged type in C.E. 534.*



Q6 Q

00 01 U2 06 04 06 4QI/0J.28/ L5 |Ä 9i A4
x¤_ zß 4 6 I60 4 2 |

Sy/2:07 6/r1°c0/ 0000/
C60/6/“ Abc .4 1 I

A0 N
L<e———·5'@@„&5/%==A25/Y =*0¤%f Of„$0ä%7—————·>1

I Fig, l, Spandrel·braeed Parabolie Areh

Notation
· In all tables, etresses were indioated by + for teneion

and ~ for eompreesion, All other symbole were defined as they

were used,
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II

ANALYSIS AND DESIdN OF THE THREE—HINGED SPAHDREL—BRACED ARCH

}.·2.%.‘?·.1 ‘
1, Dead Lead

Based on an investigation ot designs for similar :true•

tures, the follewing weight: were aesumeds {

Fluor system •••••„„„„„,••• 100 lb per eq tt
' Arch trussee •••,•••••••••„ 300 lb per lin ft of trust

Details and laterals ,••••• 60% wt ef arch trusses

It was also aseumed that the weight of the arch trusses,

details, and laterals was distributed to the upper and lower

panel points by the ratio of one to two reepectively, The

resulting panel point load: were determlned as follewst

Upper Ghord

Fluor system ••••••••• 100 1 25 1 29 1 0•5 • 36,200 lb

Arch truss ,••.•,••.•; 500 1 25 1 1/3 • 2,500 lb

_ e Details and laterals 0,5 1 2500 • 1,250 lb p
Total 39,950 lb

say 20 kipe

Lewer Cherd

Arch trust .••••,••••• 500 1 25 1 2/5 • 5,000 lb

Details and laterale 0,5 1 5000 • 2,500 lb
Total 7,500 lb

1 H or 7,5 kipe
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It le evldent, tor a etruoture ot this type, that the

„ weight per toot varioe ae the dopth ct the epandrel. Since

the panel point weight! ot the trueeee, details, and laterale

were small in oonparieon with the weight ot the floor eyeten,

which wan unlfora actoee the entire epan, the above ea1cu·

lated panel dead loade were considered ecnetant.

2. Live Load

The live loading need wae the K20•8ld•4e equivelent lane

loading epecitled by the A.A.8.H.0.° Por a nazinun live

loading, the two lane loadinge were aeeuned ehitted to one

eide of the roadway (Pig. 8).

l
R I /„20’

36 A4{br/

II . [ [ I

"
’*·" ”’ "”VV/0 / / 4

L-6-l—i—/6’ {2

Q 28 ‘§
Q &R |~

. Fig, 2, Grone Section of Roadway

4 Taking mcmente about truee B, the naximun panel live loade
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on trues A were obteined es follcwss

Unitorn loed ........... 1.88 x 85 x ld/88 • 18.3 kips

Conoentreted loed
tor ohord members ........... 80 z 18/88 • 80.6 kips

Goncentreted loed —
for web members ............. 58 x ld/88 • 89.1 kipe

3. Wind Loed

The mein members of the ereh trueeee ere strossed es s

result of wind streeees in the leterel breeing. An exeot

enelysis for wind would heve been extremely tedious end oer·

teinly needless, since the ectuel wind tereee end the wind

stress distribution ere uneertein. A leterel eyetem in the

plene of the upper chord eould not be nede eontinuous fron

end to end of the structure since it would prohibit freedom

of the crown hinge novement. Ooneequently, e eontinuoue

leterel systen in the plenes of the lower ehord end trense

verse breeing in the plenee of the vertioels were considered

to reeist the leterel wind forces. It wee eseumed thet both

systens were eonposed ot tension diegonels end eompreesion

strute.

the wind torces used were those specified by the A.A.8.H.O7

steted in pert in Appendiz B. Also included in Appendix B

ere the eelculetions of the vertieel end horlsontel loede on

the leewerd truss es shown in Fig. 3. Only helf ef the truss

.wes considered beeeuse of synnetry ebout the erown hlnge.
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Plg, 8, Iind Loade Reaieted by Leeward Truea

The reeulting wind loada on the windward true: would
be nunerioally equal but oppoalte in direction to those on
the leeward truee, and the lower ohord loada would be ap-

plied one joint nearer the abutaent in eaoh oaae, It wae
aaeuaed that the reaulting atreaeea in the windward truaa
membere were equal in aagnitude but oppoeite in algn, a
eoneervative aaaunption but auttloient tor the aoouraey

thin analyeia required,

Analzeig(
the reeetlone and etreeeee tor the three•h1ng•d apandrel•

braeed arch are etatieally deterninate, For any loading the
vertical reaetiona are deterained the aane ae tor a einple
bean, The horizontal reaetione may be deternined by taking(
nonenta about L5 (Fig, 4) einee tor equilibrium the noaente
about the orown hlnge anat equal aero, After findlng the

reaetiona tor any given loading, the atreaeee in the nenbere
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• were found by static:.

,ß
00 06 0/0

A5

/¤/—> 40 4/0 <—//

1% /2
Fig. 4. Three•hing•d 8pandr•l•brac•d Arch

Since it is not apparent freu inspeotlon what position!
the live load must ceoupy te preduee naxinun stresses in the
various nenbers, a structure ot this type is best analysed by
the nethod ot influence lines. Instead ct actually construc-4

a ting influence lines, it was considered nore practical to list
n

the influence ordinates in tabular tern.

In prcparing the influence table for stress in each
member, (Table 1) only halt ot the arch needed eonszderatlon

because ot synnetry about the erovn hinge. Ievcrthelese, itA
was necessary to move the unit load across the entire struc-

ture.

With Table 2 (ßumuary ot Influenoe Table) and the load!
and stresses previeusly calculated, the design stresses were

rcadily deternined. Bpceial attention was given speoitioe
ationsa 8,2.12, I.|.5„ and $.4.1 concerning impact, stressh
reversal, and stress eonbinations respectively. In refer-

cnce to the letter, instead-of inoreasing the allovable unit
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stressee by 25% for members subjected to wind stress (I) in

combination with dead (D), live (L), and impact (I) stresses,

combined stresses were decreased by 20%, The design stresees

were then taken as the larger of either D + L + I er 0,8

(p + L + 1 + I),

Design

The main truss nembers were designed in strict acccrd•

anee with the current A,A,S,H,O, specifications9• Since

L/r (L ie unsupported length; r ie least radiue cf gyration)

was the controlling factor in the design cf members U0•L0,

U0•Ll and Ul•Ll, their unsupported lengths were redueed by

including a brace from joint L2 horisontally tc member U0•L0•

By doing this, smaller channels were used for vertioale and

diagcnals throughout the structure which resulted in a con-

siderable saving in steel,
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TABLI 2
A

. SUMMARI OF IHTLUENCE TABLE
(Three—hi¤ged Spandrel-braced Arch)

— Member Sum of Ordinatea Maximum Ordinate Loaded Length

UO-UI 0.786 0.786 0.238 0.095 162.5 87.5
UI-02 1.679 1.679 0.536 0.393 162.5 87.5
U2-U3 2.500 2.500 0.833 0.389 137.5 112.5
U3-Uh 2.500 2.500 0.833 0.250 137.5 112.5
Uh-U5 0.000 0.000 0.000 0.000 0.0 0.0

LO-LI 0.000 7.700 0.000 1.5h0 0.0 250.0
L1-L2 0.20h 7.35h 0.20h 1.702 37.5 212.5
L2-L3 0.576 7.302 ‘ 0.38h 1.921 62.5 187.5
13-Lu 0.857 7.276 0.b28 2.1h0 87.5 162.5Lh—L5 0.00 6.270 0.000 2.090 0.0 150.0

UO-LI 1.537 1.537 0.839 o.u66 87.5 162.5 _
UI-L2 1.3b0 1.3h0 0.893 0.hh7 75.0 150.0
U2-L3 1.2h8 1.2b8 0.95h 0.366 50.0 200.0
U3·Lh 0.923 0.923 0-92h 0•h62 37-5 87-5
Uh-L5 2.690 2.690 0.896 1.076 137.5 112.5

UO-LO 1.320 2.320 0.h00 1.000 162.5 87.5
UI-LI 1.00 2.000 0.33h 1.000 150.0 100.0
U2-L2 ‘ 0.673 1.673 0.21h E 0.9ü3 175.0 75.0
U3-L3 0.200 1.200 ‘ 0.133 0.800 62.5 62.5
Uh-LL 0.600 1.600 0.300 0.600 87.5 162.5
U5·L5 0.000 1.000 0.00 1.000 0.0 25.0
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TAPTEE 3

3TR;S33· TABLE
(Three-hinged äpandrel-hraced ^rch)

Dead Panel Roads Upper Vhord .. 40.0 kipe Lower °hord .. 7.5 kipeLive Panel Roads Uniform .. 18.3 kips Uoncentrated: for chorde .. 20.6 kipsfor wehe .... 29.7 kips
Dead Live °treee 1mpact Impact L + 1 D+R+I Wind D+R+1 0.8(D+L ”eeignMember ötrees . Factor “trees 6 Stress +w +1 +W) StressUnif. Conc. Total

. + 14.4 + 4.9 + 19.3 0.174 + 3.4 + 22.7 + 32.9 + 1.3 + 34.2 + 27 + 33U0-UI - 14.4 - 2.0 - 16.4 0.236 - 3.9 - 20.3 - 30.5 - 1.3 - 31.8 - 25 - 31+ 30.7 +11.0 + 41.7 0.174 + 7.3 + 49.0 + 73.0 + 2.0 + 75.0 + 60 + 73
UI•U2

- 30.7 - 8.1 - 38.8 0.236 - 9.2 - 48.0 - 72.0 - 2.0 - 74.0 - 59 - 72+ 45.8 +17.2 + 63.0 0.191 +12.0 + 75.0 +107.6 + 1.8 +109.4 + 88 +108U2-U3 - 45.8 - 8.0 - 53.8 0.210 -11.3 - 65.1 - 97.7 - 1.8 - 99.5 - 80 - 98+ 45.8 +17.2 + 63.0 0.191 +12.0 + 75.0 +105.8 + 0.8 +106.6 + 85 +106U3-U4 - 45.8 - 5.2 - 51.0 0.210 -10.7 - 61.7 - 92.5 - 0.8 - 93.3 - 75 · 93
U4-U5

LO-LI -366 -141.0 -31.8 -172.8 0.133 -23.0 -195.8 -561.8 -220.0 -781.8 -625 -625+ 3.7 + 4.2 + 7.9 0.300 + 2.4 + 10.3 -227.7 +141.3 - 86.4LI-L2 -340 -134.7 -35.1 -169.8 0.148 -25.1 -194.9 -534.9 -141.3 -676.2 -541 -541+ 10.5 + 7.9 + 18.4 0.266 + 4.9 + 23.3 -200.7 + 87.6 -113.1L2-L3 -320 -133.6 -39.6_ -173.2 0.160 -27.8 -201.0 -521.0 · 87.6 -608.6 -486 -521+ 15.7 + 8.8 + 24.5 0.236 + 5.8 + 30.3 -183.2 + 52.5 -130.7L3-L4 -305 -133.2 -44.1 -177.3 0.174 -30.9 -208.2 -513.2 - 52.5 -565.7 -453 -513
L4-L5 -298 -115.0 -43.0 -158.0 0.182 -28.8 -186.8 -484.8 - 32.1 -516.9 -414 -485+ 28.1 +24.9 + 53.0 0.236 +12.5 + 65.5 + 90.1 + 2.5 + 92.6 + 74 + 90U0-RI - 28.1 -13.8 - 41.9 0.174 - 7.3 - 49.2 - 73.8 - 2.5 - 76.3 - 61 - 74+ 24.5 +26.5 + 51.0 0.250 +12.8 + 63.8 + 86.2 + 1.1 + 87.3 + 70 + 86UI•L2 - 24.5 -13.3 · 37.8 0.182 - 6.9 - 44.7 - 67.1 - 1.1 - 68.2 - 55 - 67+ 22.8 -28.3 + 51.1 0.286 +14.6 + 65.7 + 85.1 + 0.2 + 85.3 + 68 + 85U2-L3 - 22.8 -10.9 - 33.7 0.154 - 5.2 - 38.9 - 58.5 - 0.2 — 58.5 - 47 - 58+ 16.9 +27.4 + 44.3 0.300 +13.3 + 57.6 + 76.5 + 1.2 + 77.7 + 62 + 77U3-L4 - 16.9 -13.7 - 30.6 0.236 - 7.2 - 37.8 - 56.7 - 1.2 - 57.9 - 46 - 57+ 49.2 +26.6 + 75.8 0.191 +14.5 + 90.3 +135.4 + 0.8 +136.2 +109 +135

U4-L5 - 49.2 -31.9 - 81.1 0.210 -17.0 - 98.1 -143.2 - 0.8 -144.0 -115 -143+ 24.2 +11.9 + 36.1 0.174 + 6.3 + 42.4 + 42.6 + 13.3 + 55.9 + 45U0-LO • 20 - 33.4 -29.7 - 63.1 0.236 -14.9 - 78.0 -112.2 - 13.3 -125.5 -100 -113+ 18.3 + 9.9 + 28.2 0.182 + 5.1 + 33.3 + 7.9 + 16.7 + 24.6 + 20UI-LI - 40 - 36.6 -29.7 - 66.3 0.222 -14.7 - 81.0 -123.6 - 16.7 -140.3 -112 -124+ 12.3 + 6.4 + 18.7 0.167 + 3.1 + 21.8 - 6.2 + 11.8 + 5.6 + 5U2-L2 - 40 - 30.6 -28.0 - 58.6 0.250 -14.7 - 73.3 -113.3 - 11.8 -125.1 -100 -114+ 3.7 + 3.4 + 7.1 0.266 + 1.9 + 9.0 - 19.0 + 8.3 - 10.7U3-L3 - 40 · 22.0 -23.8 - 45.8 0.266 -12.2 - 58.0 - 98.0 - 8.3 -106.3 - 85 - 98
U4-L4 - 40 - 29.2 -17.8 - 47.0 0.174 - 8.2 - 55.2 - 95.3 - 5.9 -101.2 - 81 - 96
U5-L5 - 20 - 9.2 -14.8 - 24.0 0.300 - 7.2 - 31.2 - 51.2 - 2.4 - 53.6 - 43 - 51

Note; ötresses expreesed in kipe.% Corrected Rar reversal.



TABLE 4

DESIGN SVämAHX

(Three—hin£ged Spa11dral—braced Arch)

Length Design Allow. Area
l

Least. Area. weight
2: amber (ft,) Stress Stress ¤6q' cl Sectian Assembly r Prv' ci

(mpg) (k/1:3) (1112) (1:1. ) (ma?) 1b/rt lb

+ 33
UO-LI 25.0 - 31 13.2 2.}.; 2 9 L.] 13.1;, BJ49 7.9 26.8 *670

+ 73
UI-U2 25.0 - 72 13.2 5.5 2 9 l.J 13.).; BJ49 7.9 26.8 670

+108
—-__

L2-U3 25.0 - 9ö 13.2 7.).1 2 9 L.] l3.h [ J 3.}.:9 7.9 26.8 670

·+106 L-/5’L»-I E;
U3-·UL; 25.0 -— 93 13.2 7.0 2 9 I..1 13.}.; 3.u9 7.9 26.8 670

uu-115 25.0 2 9 I_1 13.1+ 3.u9 7.9 26.8 670

J; L6. i;xL;xS/Bl
LO-LI 30.8 -625 lh.2 142;.0 2 Pls. 18 x 3/l; 6.b7 iaS•L; 15}+.6 }476O

hLs. i4x).;xl/2
L1-1.2 28.6 -51,1 12..3 37.9 2 Pla. 18 x 11/16 ____ 6.1.0 39.8 13;.1; 3880

. I" 'I
L2—L3 26.9 -521 link 36.2 2 Pls. 18 x S/8

L J
6•h7 37.5 127.8 3L,L;O

L; Ls. L x L; x l/2
———_

L3—Lh 25.7 -513 lL;.l. 35.6 2 f·’lS• li? X S/Ü
=€•h7

37•5 l27•Ö 3280

L; Ls. I4 x Ä; x l/2
LL;—L§ 25.1 —b,S5 12;.5 33.).; 2 1*16. 18 x 9/16 6.51; 35.3 120.0 3010

LEO-.1 b€3•9 ·· 7b 11.8 6.3 2 9 |_..| 13.).; 3.119 7.C 26.8 1310

+ 86
UI·L2 37.5 - 67 10.8 6.2 2 9 |_.l 13.L; 3•}49 7.8 26.8 1000

+ B5
U2—L3 30.8 -· 58 12.2 11.8 2 9 L.} IL3.}4 3.}.9 7.8 26.8 830

+ 77 „ 2
U3-·Lh 27.7 - 57 12.7 L.5 2 9 L.} 13.1; 3.u9 7.8 26.8 7110

+135
UL;—L5 26.9 -1.;.3 12.5 11.}.; 2 9 l_.| 20 3.22 ll.7 i;0.0 1080

UO-LO 60.0 -113 12.3 9.2 2 9 L..| 20 I: ] 3.22 11.7 h0.0 2uOO

LI-LI u2.0 -12L; 12.3 10.1 2 9 I_.l 20 2 3.22 11.7 }.;0.0 1680

U2-L2 265.0 -llL; 12.3 9.3 2 9 l..| 22 3.22 ll.7 ;;0.0 1120

U3—L3 18.0 - 98 1};.0 7.0 2 9 L.] 13.}.; 3./L19 7.ö 26.8 A80

'L»l_„·-ll; 12.0 ·- 96 ll;.6 #7-.6
l

2 9 l_.| l3.h 3•L„9 7.8 26.8 320

US-LS 10.0 · 51 lb.? 3.5 2 9 L.J 13.); 3•Ä49 7.6 26.8 270
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III »

ANALYSIS AND DESIGN OF THE TWO-HINGED 8PANDREL•BRACED ARGE
L

Loade
1, Dead Lead ‘

The dead weight: were aesuned to be the same as for the.

three•hinged arch, with the exception that the weight cf the

trusees, details, and laterals was assumed distributed equally

between the upper and lower panel points, The resulting dead

panel lcads are shown in Table 7,

2, Live Load
I

The live load was, in all respects, the same as previous•

ly described for the three•hinged arch,
5, Wind Load

The lateral wind force: were aesumed tc be the same as
‘ for the three-hinged arch, however, a slightly different

lateral system was considered to resist these forees, G·n~

tinuous lateral trueses in the planes of the apper and lower
E

chords were assumed as tensicn diagonals and compressien

strute, Also, tension diagonals were considered in the

vertical end planes of the structure for taking the wind

force from the upper lateral system to the abutments, The

resulting forces acting in the plane cf the leeward arch were
‘ calculated in a manner similar to that shown in Appendix B

‘ for the three•hinged arch,
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Analysis
The reaotions and stresses for the two•hinged spandre1•

braced arch are statically indetcrminate. A structure of

this type is readily solved by applying Castigliano's theorem.
.P

A^+» -+—#

Fig. 5. Two•hinged 8pandrel·braced Arch

For any loading P (Fig. 5), the load and vertical
reaetlons and the horizontal reactions were considered in
two parts as shown in Fig. 6.

(a) Condition H • 0 (b) Condition H • 1
„

4
Fig. 6

As a result, the stress in any member (Fig. 5) was equal tc

F •g3 + Hu
in which S • stress in any member ot Fig. 6a.

u • stress in any member cf Fig. 6b.

H • horizontal thrust



enlgee

The total internal work

I

IwhereA • cross eection area ot any member.

E • modulus cf elasticity. ‘ “

From Castigliano°s thecrem,

an Su + aua n•ä-En UQfrom which u
g 8uL

Eä
u LIE"

At this point is was necessary tc make as aseumption

regarding the unknown areas of the various members. By
assuming that both A and E were constant tor all members,
the above equation was reduced to ·

1 H__ ZSuL
2:uäL

The aoouracy of this aseumpticn was checked after the cross

section areas were obtained for the various members. A
comparison of the values of H followss

Unit Load at Gonetant Variable % VariationAreas Areas
U1 0.245 0.247 u 0.82
U2 0.479 g 0.472 1.46
U3 0.690 0.681 1.50
U4 0.855 0.846 1.05
U5 0.921 0.918 0.55
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l
Like the thr••·hinged areh, this structure was analysed

by an influence table, however, the process by whieh the

table was cbtalned was more 1aboricus• A unit lead was ecn•

sidered to move across the entire span (F1g• Ba), and ter each

et its panel point pesitione, the stress (8), in eaeh nenber

tor half ot the truss was ealeulated. Also, the stress (u),

in each member was ealeulated for the condition H • l (Fig• 6b)•

From these values of 8 and u, H was ealeulated ter the unit

lead at each upper panel point, Once these values were eb•

tained, the ealeulatdon ot the influence ordinates tor etress

in each member £ellewed•

With the aid ot Table 8 (Sumnary ot Intluenee Table) and

the dead and live loads previously deternined, the dead and

live streseee shown in Table 7 were ealeulated•

For the wind leading on the leeward truss, a new value

ter H was obtained with which the wind stress in eaeh nem-

ber was ealeulated. As ehuwn in Table 7, these stresses were

aseuned te be equal in magnltude but eppesite in sign ter

the windward trues•

Alec, stresees were ealeulated ter a unitorn tenperature

variation et : BO° Fahrenheit. The temperature stress in any

meaber was equal to T • Hu

where K • ggg;
u LEIT
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in which e • ccefficient of linear expansion
(,0000065 per degree)

t • change in temperature (I60°)
I/• length of span (260 ft)

( ‘

u • stress in any member due to H ~ unity

A • area (assumed constant at 25 in.2)

E • medulus of elastieity (29,000
H/in•2)

Temperature stresses thus determined appear in Table 7,

After the cross•sectional areas were determined, new temper·

ature stresses were ealeulated for those members whose areas

differed greatly from 25 sq, ln. However, no changes in the

sections were required,

The design stresses were determined in the same manner
as for the three·h1nged arch except that here it was necessary

tc include the temperature stresces,

Design

Design of the main members was made in accordance with

the current A,A,S•H,0, cpecifications1O• The unsupported

lcngths of members U0·L0, U0•Ll, and Ul•L1 were reduoed by

placing a stiffening brace from joint Ll horisontally to

member U0—L0 in the same manner as in the three•hinged arch•
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TABLE 6

SUHMAHY OF IHFLUEHCE TABLE
(Two-hinged Spendrel-breced Arch)

Member Su¤.0£ Ordnates Maximus Ordinate Loaded Length

·· Ä + Ä + Ä
00-61 0.1115 0.626 0.1211 0.1129 175 75
UI-02 0.9h8 1.900 0.250 0.890 150 100
02-U3 1.169 3.103 0.339 -1.332 150 100U3—Uh 0.716 h.009 0.225 1.616 125 ' 125
Uu-05 0.078 h.210 0.039 1.660 25 225 _

10-11 0.000 6.691 0.00 1.131 0 250
LI-L2 0.209 6.028 0.209 1.161 25 225
12-13 0.6h6 5.501 0.hhB 1.18h 50 200
L3-·L11 1.1911 11.820 0.661 1.189 75 175
Lh-L5 1.260 3.h28 0.766 0.912 10 150

UO-LI 1.617 0.926 0.837 0.2h2 75 175
UI-12 1.18 0.716 0.925 0.192 100 150
02-L3 1.692 0.1195 1.056 0.123 15 175
U3-Lh 2.305 0.769 1.210 0.336 150 100
UIPUS 2.2110 2.11211 1.268 0.910 125 125
00-10 0.79h 2.386 0.210 0.99h 162 88 1
01-L1 0.526 2.216 0.1hl 1.005 150 100
02-12 0.256 1.957 0.071 0.967 150 100
03-13 0.188 1.8h8 0.111 0.651 75 175
Uh-Lh 0.566 1.900 0.272 0.661 100 150
05-L5 0.000 1.000 0.000 1.000 0 50
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TABIE 7

STRB}; I. x .; TAB1A;}

(Two-hinged epandrel-braced Mrch}

Dead Panel Leads Upper cherd .. 41.8 kips LOWGI chord .. 5.7 kips

Live Panel Leads Uniform .. 18.3 kips Cencentrated: for chords .. 20.6 kips
fer webs .... 29.7 kips

Dead Live Stress ;mpact Impact L + I D+L+I Temp. Wind D+L+1 0.8(D+L ”esign
Member Stress factor Stress « btress btress +T+W +I+T+“) Stress

Unif. Conc. Total
· + 8.7 + 2.6 + 11.3 0.167 + 1.9 + 13.2 + 2.3 + 5.5 + 2.8 + 10.6 + 9

UO-U1 - 16.7 — 15.1 - 8.8 - 23.9 0.250 - 6.0 - 29.9 - 47.4 — 5.5 - 2.8 - 55.7 - 45 - 47

+ 17.2 + 5.2 + 22.4 0.182 + 4.1 + 26.5 - 5.1 +14.6 + 30.8 + 40.3 + 32
UI-U2 - 45.2 - 34.8 -18.3 - 53.1 0.222 -11.8 - 64.9 -110.1 -14.6 - 30.8 -155.5 - 125 -125

+ 21.4 + 7.0 + 28.4 0.182 + 5.2 + 33.6 - 30.8 +29.8 + 48.1 + 47.1 + 38
U2-U3 - 92.0 - 56.7 -27.7 - 84.4 0.222 -18.7 -103.1 -195.1 -29.8 - 48.1 -273.0 - 218 -218

. + 13.1 + 4.7 + 17.8 0.200 + 3.6 + 21.4 - 88.0 +51.1 + 50.4 + 13.5 + 11
U3-U4 -156.3 · 73.2 -33.6 -106.8 0.200 -21.4 -128.2 -284.5 -51.1 - 50.4 -388.6 - 312 -312

+ 1.4 + 0.8 + 2.2 0.300 + 0.7 + 2.9 -134.3 +64.0 + 51.0 - 19.0
U4-U5 -196.0 - 77.0 -34.2 -111.2 0.143 -15.9 -127.1 -323.1 -64.0 - 51.0 -438.1 - 350 -350

-318.0 +15.8 + 40.8 -261.4
LO-LI -318.0 -122.4 -23.3 -145.7 0.133 -19.4 -165.1 -483.1 -15.8 - 40.8 -539.7 - 431 -483 L

+ 3.8 + 4.3 + 8.1 0.300 + 2.4 + 10.5 -182.7 +21.0 + 17.4 -140.1
”

LI-L2 -276.0 -110.3 -23.9 -134.2 0.143 -19.2 -153.4 -429.4 -21.0 - 17.4 -467.8 - 374 -429

+ 11.8 + 9.2 + 21.0 0.286 + 6.0 + 27.0 -134.7 +29.6 + 3.5 -101.6
L2-L3 -231.0 -100.8 -24.4 -125.2 0.154 -19.3 -144.5 -375.5 -29.6 - 3.5 -408.6 - 327 -376

+ 21.8 +13.6 + 35.4 0.250 + 8.8 + 44.2 - 76.4 +43.9 + 25.5 - 7.0
L3-L4 -172.0 - 88.2 -24.5 -112.7 0.167 -18.8 -131.5 -303.5 -43.9 - 25.5 -372.9 - 298 -304,

+ 23.1 +15.8 + 38.9 0.222 + 8.6 + 47.5 - 24.6 +64.3 + 50.0 + 89.7 + 72
L4-L5 -103.0 - 62.7 -18.8 - 81.5 0.182 -14.8 - 96.3 -199.3 -64.3 - 50.0 -313.6 - 251 -251

+ 32.8 + 29.6 +24.6 + 54.2 0.250 +13.6 + 67.8 +103.2 +10.7 + 5.6 +119.5 + 96 +103
U0-LI - 16.9 - 7.2 - 24.1 0.167 - 4.0 - 28.1 - 7.7 -10.7 - 5.6 - 24.0 - 19

+ 42.8 + 29.6 +27.4 + 57.0 0.222 +12.7 + 69.7 +112.5 +13.7 + 10.4 +136.6 + 109 +113
UI-L2 - 13.1 - 5.7 - 18.8 0.182 - 3.4 - 22.2 + 7.8 -13.7 - 10.4 - 16.3 - 13

+ 56.8 + 31.0 +31.4 + 62.4 0.250 +15.6 + 78.0 +134.8 +18.7 + 16.5 +170.0 + 136 +136
U2-L3 - 9.1 - 3.7 - 12.8 0.167 - 2.1 - 14.9 + 24.8 -18.7 - 16.5 - 10.4 - 8

+ 72.9 + 42.2 +36.0 + 78.2 0.182 +14.2 + 92.4 +165.3 +23.6 + 22.0 +210.9 + 169 +169
U3-L4 - 14.1 -10.0 - 24.1 0.222 - 5.4 - 29.5 + 21.5 -23.6 - 22.0 - 24.1 - 19

+ 43.0 + 61.0 +37.6 + 98.6 0.200 +19.7 +118.3 +189.1 +13.8 + 13.2 +216.1 + 173 +189
U4-L5 - 44.5 -27.0 - 71.5 0.200 -14.3 - 85.8 - 83.5 -13.8 - 13.2 -110.5 - 88

+ 14.5 + 6.2 + 20.7 0.174 + 3.6 + 24.3 - 10.1 + 9.2 0.0 - 0.9
U0-LO - 49.2 - 34.6 -29.5 - 64.1 0.235 -15.1 - 79.2 -128.4 - 9.2 -117.4 -255.0 — 204 -204

+ 9.6 + 4.2 + 13.8 0.182 + 2.5 + 16.3 - 35.9 +10.2 + 9.2 - 16.5
UI-LI — 74.6 - 40.5 -29.8 - 70.3 0.222 -15.6 - 85.9 -160.5 -10.2 - 9.2 -179.9 - 144 -161

+ 4.7 + 2.1 + 6.8 0.182 + 1.2 + 8.0 - 44.6 +10.9 + 11.0 - 22.7
U2-L2 - 75.2 - 35.8 -28.7 - 64.5 0.222 -14.3 - 78.8 -154.0 -10.9 - 11.0 -175.9 - 141 -154

+ 3.4 + 3.3 + 6.7 0.250 + 1.7 + 8.4 - 42.8 +10.2 + 10.8 - 21.8
U3-L3 - 73.2 - 33.8 -25.4 - 59.2 0.167 - 9.9 - 69.1 -142.3 -10.2 - 10.8 -163.3 - 131 -142

+ 10.4 + 8.1 + 18.5 0.222 + 4.1 + 22.6 - 17.8 + 5.1 + 6.3 - 5.4
U4-L4 - 57.7 - 34.8 -19.6 - 54.4 0.182 - 9.9 - 64.3 -122.0 - 5.1 - 6.3 -133.4 - 107 -122

1
- 41.8 - 0.0 + 1.4 - 40.4

U5-L5 - 41.8 - 18.3 -29.7 - 48.0 0.286 -13.7 - 61.7 -103.5 - 0.0 - 1.4 -104.9 - 84 -104

Note: ötresses expressed in kips.
% Corrected for reversal.



TABLE 8

1.1i.Sl<.·1·; S1. 1.2..11111
I (Two-hinged Spandrel-breced Arch)

Length uesign Allow. Area I Least Area eight
Alemeber (ft) Stress Stresg 11eq* d Section Assembly r Prvéd

(mpg) (11/111.) (1.:1%) (111.) (1:1.) 18/1*1, lb

U0-UI 25.0 - 117 13.9 3.1.1 2 12 1.] 20.7 11.61 12.1 1.11.1.1 101.1,0

U1-U2 25.0 -125 13.9 9.0 2 12 L.] 20.7 J 11.61 12.1 111.11 10].10

112-113 25.0 -218 13.8 15.8 2 12 I.] 30 1.1.28 17.6 60.0 1500
·
:0

. 2 12 1..1 30 ____ T
U3-U].1 25.0 -312 13.6 23.0 2 Pls. 10 x 5/16

II H

3.96 23.8 81.2 2030
I2

12 L.] 30 ____ 1
U11-U5 25.0 -350 13.5 25.9 2 Pls. 10 x 7/16 3.87 26.3 89.8 2250

2 15 L.1 50 ....
L0-L1 30.8 -].183 13.6 35.5 2 Pla. 12 x 5/16

I I
1.1.92 36.8 125.6 3870

2 15 1...1 11Ü
Ll—L2 28.6 -1129 13.8 31.1 2 1>1g. 12 x 3/8 ‘‘“‘ 1.1.98 32.11 110.6 3160

L2-L3 26.9 *376 11.1.0 26.8 2 15 L.] 50 5.211 29.3 100.0 2690

L3-L].1 25.7 -3011 111.2 21.11 2 15 L..] 110 jl 5.1111 23.11 80.0 2060

LA-L5 25.1 -251 1;}..3 17.5 2 15 L.] 33.9 5.62 19.8 67.8 1700

L10-LI 118.9 +103 18.0 5.7 2 10 L.] 15.3 3.87 7.2 30.6 1500

UI-12 37.5 +113 18.0 6.3 2 10 I.] 15.3 3.87 7.2 30.6 1150

L2-1.3 30.8 +136 18.0 7.6 2 10 LJ 20 3.66 10.0 110.0 1230

D3-1.1.1 27.7 +169 18.0 9.11 2 10 L.] 20 3.66 10.0 110.0 1110

U11-L5 26.9 +189 18.0 10.5 2 10 L.] 25 3.112 12.6 50.0 1350

I
UO-L0 60.0 -201.1 11.9 17.1 2 10 1.] 30 [ ] 3.112 17.6 60.0 3600

U1-LI 112.0 -161 12.7 12.7 2 10 L.] 25 3.52 111.7 50.0 2100

112-L2 28.0 -15].1 12.7 12.1 2 10 I.] 25 3.52 111.7 50.0 1].1.00 1

U3-L3 18.0 -1112 111.1 10.1 2 10 LJ 20 3.66 11.7 1.10.0
I720

111-1.11 12.0 -122 111.7 8.3 2 10 1..1 15.3 ‘ 3.87 8.9 30.6 370

85-L5 10.0 -1011 11..8 7.0 2 10 1..1 15.3 3.87 8.9 30.6 310
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STIFFNEBB OF THE TWO ARCH STRUCTURES

In determining the stiffnees of the two structures,

their deflections under live load plus impact was considered,

For both arches, the deflections of two points were deter•

mined, (1) U5 with the live load across the entire span,

and(2)U5 with the live load across nearly half of the span, The

live loading ueed was that previously determined (see Fig, 2)

with the concentrated load acting at the points for which the

. doflection was being determined,

For the uniform live load across the entire span, the

impact factor was ·iEE—§2§€ö • 0,153 and the resulting live
plus impact panel lcads were as followss

Uniform ,,,,,,,,,,,,,,,,,,,,,, 18,5 x 1,155 • 20,7 kips

e Ooncentrateda for ohords ,,,,, 20,6 x 1,155 • 25,5 kips

for webs ,,,,,,, 29,7 x 1,155 • 55,8 kips

For the uniform live load from LO to halfway between U4

and U5 the impact factor was TEE-§2TT!
• 0,211 and the

resulting live plus impact panel loade were as follcwss

Uniform ,,,,,,,,,,,,,,,,,,,,,, 18,5 x 1,211 • 22,2 kips

Concentratedt for ohords ,,,,, 20,6 x 1,211 • 25,0 kips

for webs ,,,,,,, 29,7 x 1,211 • 56,0 klP|



By virtual work, all detleotione were determined ae
1

followes

8uLA'Zxr
where A ~ defleotion ot any point (ln.),

8 • stress in any member due to applied live plue
impaet lcade (kipe)•

u • etreee in any member due to a unit load at any
point where the detleetlon ie required,

The ealeulatlone tor the defleetione ehown in Table 9

are included in Appendlx 0,

TABLE 9

COHPARISOE OF DEFLECTIOEB

Full Loading Partial Loading
Aus (1:1,) Aus (1a,)

Two•h1nged aroh 0,90 0,79

Three·hlnged areh 1,28 1,01



Y
EFFEGTS OF LATERAL DISPLACEMENT OF SUPPORT8 UPOH THE TWO

STRUGTURES
Lateral yielding of abutments of a three·hinged arch

prcduce no stresses ot any major importance so long as the
over•all geometry ot the structure does not change apprec1•

ably, On the other hand, for a two-hinged arch, small hori•
sontal displacements of supports produce stresses which bear

investigation•

The stress in any member ot the twc·h1nged arch due tc

lateral yielding of supports equals Hu where

ß • E;.2-:-**‘·
in which 5 • increase in span due to a relative lateral

movement of supports, (Fig, 7a)

u • stress in any member due tc H • unity
(Fige 7b)e

// /7=/ //:/4- —> —>
fa) fb)

7 .

For a relative lateral displacement ot 0,25 in,

The resulting stressee are shown in Table 9•



TABLE 10

CALCULATIOH OF STRBSSES CAUSED BY A RELATIVE

LATEHAL YIELDIH0 OF SUPPORTS OF 0,25 INCHEB

(Two-hiugcd Spuudrcl-braccd Arch)

Mcnbcr Hu
A A (kips)

Uo•U1 24,9 -0,429 + 4,6
- 0,97

U1-U2 24,9 -1,142 + 52,6 -
2,55

U2•U5 17,1 -2,550 + 92,9
-

5,20
U5-U4 12,6 -4,000 +202,0 -

8,92
U4-U5 11,4 -5,000 +285,0 -11,15
L0-L1 10,0 1,252 + 15,2 + 2,75
L1-L2 10,6 1,659 + 28,5 + 5,65
L2•L5 11,0 2,510 + 58,7 + 5,15
L5-L4 15,2 5,450 +155,1 + 7,85
L4•L5 15,2 5,020 ,+584,0 +11,20 _
UO-L1 65,8 0,855 + 45,8 + 1,88
U1-L2 50,4 1,070 + 57,6 + 2,59
U2•L5 51,4 1,466 + 87,6 + 5,27
U5-L4 28,5 1,848 + 96,6 + 4,11
84-15 22,0 1,076 + 25,5 + 2,40
U0·L0 40,9 -0,720 + 21,2 - 1,81
U1-L1 34,4 -0,796 + 21,9

- 1,78
U2-L2 22,9 -0,857 + 18,8

-
1,91

U5-L5 18,4 -0,800 + 11,8 -
1,79

U4•L4 16,1 -0,400 + 2,6 • 0,89
U5•L5 15,4 O 0 0

u2L2.,1.- tor half ot cpun - +1626,0
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VI

SUHIARY AND CONCLUSIONB

_8ummary
The weights of the main members of the two structures

arc as followes
Tvo•hinged arch ......... 72,000 lb per truss

Three·hingsd arch ....... 85,900 lb per truss

Considering the weighte of details and laterale to vary in

the same ratio as the main members of the respective arch

trusses, it was found that the thr•e—hinged arch wal light-

er than the two•hing•d arch by 8.5%.

The maximum deflection for each arch structure wae
found at the center with the live load across the entire

span. They compare ae follewes

Twc•hinged arch ......... 0.90 in.

Three•hinged arch ....... 1.28 in.

An inspection of Tables 8 and 10 lndicatee that for

the twc·hinged arch, a relative lateral yielding cf supports

of small magnitude (0.25 in.) produces no critical etreases,

whereae, a lateral displacement of larger magnltude would

over••trese upper chord and diagonal member!.

Gonclusions

1. From the standpoint of weight of the main members,

the three•hinged arch ie more suitable.
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2, On the basic of stiffneee, the two~hingcd arch ie

the etitfer of the two arehee• However, their maximum d••

flectione are about the same order ot magnitude and the

elight difference ie ot no major importance,

3, Neither the two•h1nged nor the three•hinged areh

is etreeeed oritically by a elight lateral yielding ot

abutmente•

4, The three•hinged spandrel-braced arch highway

bridge ie ehown to be more eatiefaotory for the config•

uration 1nveetigated•
T
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APPEHDII I

QALGULLTIOHI OF WIRD LQAD8 ol LBEIARD TRUSI

Lateral Leads

the lateral wind tereee epeeitied by the A•A„8.H.0, are

etated in part ee tellewes

(1) 50 peunde per eqnare toet en 1} times the

prejeeted area et the etrueture ae eeen in

el•ratien•

(2) 200 peunde per linear feet en live read te

be applied s teet abeve the r•adway•

(5) The minimum lateral teree te be 500 peunde

per linear feet en the leaded eherd and 150
pennde per linear feet on the unleaded •herd•

Fer eetinating lateral wind leade, the tellewing ae•nnp•

tiene were maden

(1) Depth et ehords ••••••••••••„•.„••••••••• 18 in•

(2) Depth er wehe •••••„.....„•.••...••..„••• 12 in.

(8) Depth er reaawey (eurb and etringer) •••• 18 in•

(4) Depth et hand rail •••••••••••„•„••••„•„• 5 in•

(5) Dietanee from eenter et tleer been
te erewn ot readway •••„.,..„„•....•.„„„ 24 in,

The lateral wind eoneentration at any lewer panel point

freu eaeh member intereeeting at the point wae

·§°·x;!x50:1•5• 1.876 Lw
wherea L • length et member (ft); w • width ot member (1n.)•
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Denoting ehord members by (0), vertical members by (v), and

diagonal members by (d), the lower panel point eoneentratione

were determined ae follewes

L0 (cg 1.875 x 80.8 x 18 • 1040
(V 1.875 x 80 x 12 • 1550 .

2550 lb

L1 (6) 1.875 (88.7 + 60.6) 18 • 2010
(v) 1.878 z 48 z 12 · 660
(d) 1.875 x 48.8 x 12 • 1100

Zoöö lb

L2 (og 1.878 (88.7 + 28.9) 18 • 1880
(V 1.875 x 28 x 12 • 630
(d) 1.875 x 27.5 x 12 • 840

5550 1b

L3 (6) 1.875 (26.9 + 26.1) 18
·

1770
(v) 1.878 x 18 x 12 • 410
(6) 1.875 x 50.8 x 12 e 690

8870 Lb

L4 (eg 1.875 (25.7 + 25.1) 18 * 1720
(V 1.875 x 12 z 12 e 270
(6) 1.875 x 87.7 x 12 • 820

2560 lb

L5 .0) 1.875 x 26.1 x 18 • 850vg 1.878 x 10 z 18 • 830
d 1.878 n 26.9 x 18 • 610

1590 lb

Total for halt of trnee • 16,980 lb

Lateral force per ft of open en unleaded cherd • éätääg

- 138 lb; therefore, the minimum force ef 180 lb per ft vae

need, making the loade for interior panel pointe 180 x R8
• 8380 lb, and for exterier panel pointe 180 z 18.8 • 1,878

lb}
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FQ! lltlrtl wind cuncentretionc OB th! upper pllll p01¤tI,

the wtnd terce we: included en:
(

live lßld ••••••••••••••••••••••••• 200 X 25
·

sgono lb

,
·

•••••lI•lI·Il·•l¢O•·••

—verticelc
with jeintc

diegenele

The tetel fer each ct the upper panel pcinte we: celculeted ee

to11ew••
U0 4,470 8

gv) 1,878 x 80 x 12 • 1,380' d) 1,875 x 48,9 x 12 • 1,130
· 8,9 0 lb

U1 8,940
(v) 1,878 x 42 x 12 • 940
(d) 1,878 x 37,8 x 12 •840U2

8,940(vg 1,878 x 28 z 18 • 680
(d 1,878 x 80,8 z 12 • 690

U8 8,940
(v) 1,878 x 18 x 12 • 410
(d) 1,878 x 27,7 x 12 • 820

9 970 lb•

U4 8,940
(v) 1,878 x 12 x 12 • 270(d) 1,878 x 26,9 x 12 • 810 lbI .·

u5 4,470
(v) 1,878 x 10 x 12 • 280
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Totsl toree on hslt et truse ·• 52,400 lb
Lstersl foree per toot of spsn •

éätügg
• 420 lb

Since this wss grester thsn the 500•1b nininum, the sbove
osleulsted lesde were need,
Yertiosl Losds st Upper Psnel Pointe

The everturnin; etfeet ot the wind on the live losd III
resolved inte s eouple setin; on the upper psnel points ss
shown in Fi;. 1-B• , A ‘

. |'<—Zö—>-I T d

Fi;.

1·BIindan Live Losd
Vertieslly downwsrd losds on the leewsrd truss st U2, U5,
snd U4 were 500 1 5/28 • 1,450 1b snd st U1 end U5, 115 15.

Lstersl wind eoneentrstions (w),st the upper psnel pointe,
satin; through the trsnsverse brseing, hsve sn etteet an the
leewsrd trues equivslent to thst ot vertieslly downwsrd torees
spplied te the upper psnel points (see Fi;. 2•!),
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V1
I
Y

W/’

F1;. 3-B
I

L Typical Transverse Bracin; Section

These equivalent vertical torcee (V), equal in nagnitnde tc

the vertical stress eonponente of the traneverse tensicn
I

diagenals, were deterniuea by:

Y ·
wh

where: h • depth er truee et any panel point

88 • eistance between trnsees

For the various panel points, Y was deternined ae tcllcwsa

U0 60:0 z 60/28 • 14,600 lb
U1 10,160 x 46/26 • 16,100 lb
U8 10,660 x 26/66 · 10,260 lb
U6 6,010 x 18/FB • 6,400 lb
U4 0,620 z 16/66 ~ 4,210 lb
UG 4,100 x IQ/28 • 1,660 lb

‘ 4 The sun ct the above two vertical effects is expreseed
I

in kipe and ehcen in Fig. 3, Page l0•
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Vertical and Horizontal Leads at Lower Panel Points
The loade on the lower lateral eyoten were the ann ot the

upper and lover panel point wind eonoontrationl. (Pig. 3·B)

62% /45 /40 /12 /16 6 6

„119 •
429

«éZ4
Fig. 5-8

Loading and Bhear Diagrano tor Lover Lateral lyeten

the shear in the lower laterale was taken by the tenzion

diagonalz. Since theze diagonalo were in inolined planet,

they had vertieal and horizontal etreoo eonponente which aeted

upon the arch trnaoeo ae vertical and horizontal loade.

the vertical component at any panel point wat

panel ohear z vertical ggojeetion ct diagonal length
. ruoe spae ng

and tor the various points waz determlned ao tollowaa

L1 62.4 x 10/88 • 40.1 kipe
L3 47.9 x 14/28 • 84.0 kipe

L3 55.9 x lq/88 é 18.1 kipz
L4 20.8 1: 6/86 • 4.6 kipo
L5 6.8 n 8/28 • -0.5 kipe
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Tha horitantal aompenant at any panel point tat

panal thanr 1 anal len th
trust tpaaing

and far tha variout paintt wat datarninad at tallcvtn
L1 62.4 1 23/28 • 55.7 kipt

L2 47.9 1 25/28 • 42.8 kipt

A L3 33.9 1 28/26 • 30.3 kipt
L4 20.2 1 23/28 • 18.1 tips

8 L6 6.6 1 IQ/26 • 6.9 kipt
Tha tbava aalaulatad laadt ar•‘•h¤vn en tha lttvard trust in
Pig. 3, Paga 10.
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TABLE 1-5 l

DBPLBCIIOI 0F 08 BY YIRTUAL won!
(!br••-h1ng•4 Bpa¤dr•1•br•••d Ar•h)

8
8uLI

00-U1 0 + 5.6 + 5.6 +0.888' 88.8 + 52
U1-U8 0 +18.5 + 18.5 +0.588 88.8 4 260
58-88 0 +19.4 + 19.4 +0.888 88.6 + 686
58-U4 0 +19.4 + 19.4 +0.888 88.8 + 686
U4-08 0 0 0 0 88.5 0
L0-L1 -159.4 -85.9 -195.8 -1.540 8.8 +8450
L1-L8 -148.0 -89.7 -187.7 -1.708 8.8 +8750
L8-L8 -189.1 -44.9 -184.0 -1.981 8.6 +8040
L8-L4 -188.0 -50.0 -188.0 -8.140 6.8 +8880
L4-L5 -180.0 -48.7 -178.7 -8.090 8.5 +8180
80-L1 0 -15.8 -

15.8 -0.466 75.5 + 556
81-L8 0 -15.0 - 18.0 -0.447 57.8 + 887
08-L8 0 -18.8

- 18.8 -0.868 47.5 + 814
88-L4 0 0 _ 0 0 48.7 0
U4-L5 0 +80.1 + 80.1 +0.898 87.7 + 746
00-10 - 10.4 +18.4 + 8.0 +0.400 81.4 + 74
U1-L1 -

80.7 +11.8
-

9.8 +0.888 48.0
-

188
08-L8 - 20.7 + 7.8 -

18.8 +0.814 87.6
-

80
88-L8 -

20.7 0 - 80.7 0 27.8 0 _
U4-L4 -

20.7 -11.8
-

81.9 -0.888 18.8 + 196
05-L5 -

10.4 -16.8 -
87.l -0.500 15.4 + 810

E
Eäé tur halt ct span s +18,581

8 x 18 581

· ' inn



TABLE 2-C

DEFLECTION OF U3 BY VIRTUAL WORK
(Thrac-hinged Spandrel-braccd Arch)

j L LLLUuif. Couc.TotalU0-U1
-15.9 - 2.4 - 18.3 -0.095 38.8 + 67

U2-U3 -55.5 -29.1 - 84.6 -1.166 38.8 +3820
U3-U4 -55.5 -18.7 - 75.2 -0.750 38.8 +2190
U4-U5 0 0 0 0 38.8 0
L0-L1 -68.4 -23.1

-

91.5 -0.924 8.2 + 693
L1-L2 -45.3 -18.7 - 74.0 -0.750 8.6 + 477
L2-L3 -21.3 - 9.6 -

30.9 -0.384 8.6 + 102
L3-L4 0 +10.7 + 10.7 +0.428 8.6 + 40
L4-L5 0 0 0 0 8.5 0
UO-L1 +31.0 + 6.7 + 37.7 +0.186 75.5 + 530
U1-L1 +29.8 +16.1 + 45.9 +0.447 57.8 +1187
U2-L3 +24.5 +34.4 + 58.9 +0.954 47,5 +2670
U3-L4 0 -16.6 - 16.6 -0.462 42.7 + 328
U4-L5 -59.7 -29.1 - 88.8 -0.807 27.5 +1970
UO-L0 -48.8 - 5.8 - 54.6 -0.160 61.4 + 536
U1-L1 -44.4 -12.0 - 56.4 -0.334 43.0 + 810
U2-L2 -36.4 -20.1 - 56.5 -0.557 27.6 + 869
U3-L3 -22.2 -28.8 - 51.0 -0.800 27.8 +1133
U4-L4 0 +10.8 + 10.8 +0.300 18.5 + 60
U5-L5 0 0 0 0 15.4 0
U6-L6 -14.8 - 7.2 - 32.0 -0.200 18.5 + 118
U7-L7 0 0 0 O 27.8 0
U8•L8 + 9.5 + 4.6 + 14.1 +0.129 27.6 + 50
U9-L9 +14.8 + 7.2 + 22.0 +0.200 43.0 + 189
U10-L10 +17.8 1 8.6 + 26.4 +0.240 61.4 + 389
U6-L5 +39.8 +19.4 + 59.2 +0.538 27.5 + 876
U7-L6 0 0 . 0 0 42.7 0
U8-L7 -16.3 - 8.0 - 24.3 -0.221 27.5 + 255
U9-L8 -19.8 - 9.6 - 29.4 -0.268 57.8 + 455
U10-L9 -20.7 -10.1 - 30.8 -0.280 75.5 + 650 '
L5-L6 -92.6 -31.4 -124.0 -1.254 8.53 +1328
L6-L7 -95.0 -32.1 -127.1 -1.284 8.64 +1410
L7-L8 -85.2 -28.8 -114.0 -1.153 8.60 +1310
L8-L9 -75.5 -25.6 -101.1 -1.021 8.62 + 890
L9-L10 -68.4 -23.1 - 91.5 -0.924 8.15 + 689
U5·U6 0 0 0 0 38.8 0
U6-U7 +37.0 +12.5 + 49.5 +0.500 38.8 + 960
U7-U8 +37.0 +12.5 + 49.5 +0.500 38.8 + 960
U8-U9 +23.8 + 8.0 + 31.8 +0.322 38.8 + 497
U9-U10 +10.6 + 3.6 + 24.2 +0.143 38.8 + 134

. 2.23.}: • + 29,335A
29 335
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TABLE 8•G

DIFLEGTIOI or 08 at v1x161L uoax
(‘h0•h1ng•d 6pandx·•1-'b:·•6•4 Arch)

60-61 - 7.8 + 6.6 - 6.1 +0.066 64.6 - 12
61-06 - 19.7 + 5.6 - 18.1 +0.158 64.6 - 82
66-66 - 40.0 + 1.4 - 88.8 +0.066 17.1 - 88
08-04 • 88.1 -11.6 • 79.8 -0.498 12.8 + 495
U4•U5 ~ 85.5 •8B.7 -124.2 -1.580 11.4 +2850
L0·L1 -188.8 -26.4 -184.9 -1.181 10.0 +1888
L1-L6 -160.6 -61.0 -147.5 -1.181 10.8 +1818
L2-L6 -100.8 -27.0 -127.8 -1.180 11.0 +1661
L8·L4 • 78.2 -28.5 • 98.7 -1.010 18.2 +1818
L4-L6 - 46.0 -10.0 - 66.0 -0.460 16.6 + 880
60-L1 + 14.6 - 6.6 + 8.1 -0.166 85.8 - 99
U1-L2 + 18.7 - 8.0 + 15.7 -0.087 50.4 - 89
02-L8 + 24.8 + 5.9 + 28.7 +0.116 81.5 + 108
08-L4 + 81.8 +20.8 4 82.6 +0.818 28.8 + 820
U4-L8 + 18.8 +42.5 + 61.5 +1.288 22.0 +1710U0•L0

- 66.6 + 5.4 - 11.6 +0.160 40,6 - 114
U1-L1 • 85.0 + 2.1 - 52.9 +0.088 84.4 - 71
02-L2 - 66.6 - 2.8 - 61.6 -0.066 66.6, + 88
U6-L6 - 64.6 - 8.9 - 48.5 -0.288 18.4 + 616
U4•L4 - 27.8 -16.1 - 48.8 -0.488 18.1 + 828
05•L5 - 20.7 -88.8 - 54.8 _•0.500 18.4 + 884

Zääé tus- halt ut span • +18,088

M. - -*-;*-.%;-3-9-*
- 6.66 1..



TABLE 4-0

DEFLECTION OF U5 BY VIRTUAL WORK
(Two-hiugod Spandral-braocd Arch)

Uni?. Couo. Total
‘K ”K”

UO-U1 -18.1 -
5.1 - 21.2 -0.124 24.9 + 65

U1-U2 -42,0 -11.8 - 55.8 -0.472 24,9 + 655
U2-U5 -68.5 -55.5 -101.8 -1.552 17.1 +2520
U5-U4 -77.5 -25.6 -102.9 -1.026 12.6 +1550
U4-U5 -27.4 - 8.8 - 56.2 -0.550 11.4 + 144
LO-L1 -61.7 -21.0 -

82.7 -0.840 10.0 + 695
L1-L2 -56.5 -15.8

-
52.4 -0.658 10.6_ + 554 E

L2-L5 - 8.8 - 5,6 - 14.4 -0.224 11.0 + 55
L5-L4 +18.6 +16,5 + 55.1 +0.661 15.2 , + 506
L4-L5 +27.1 + 8.6 + 55.7 +0.542 15,2 + 185
U0-L1 +55.6 + 8.8 + 44.4 +0.244 65.5 + 711
U1-L2 +55.8 +18.8 + 54.6 +0.521 50.4 +1455
U2-L5 -52.5 +58.0 + 70.5 +1.056 51.5 +2540
U5-L4 +10.1 -12.1 -

2.0 -0,556 28.5 + 19
U4-L5 -55.9 -26.5 - 80.2 -0.752 22,0 +1295
U0•L0 -52.9 -

7.6 - 60.5 -0.210 40.9 + 520
U1-L1 -49.0 -14.1 - 65.1 -0.592 54,4 + 850
U2-L2 -41.4 -22.2 - 65.6 -0.617 22.9 + 900
U5-L5 -26,5 -50.7 -

57,2 -0.854 18,4 + 898
U4-L4 - 2,2 + 9.8 + 7,6 +0,272 16.1 + 55
U5-L5 0 0 0 0 15.4 0
U6-L6 -17.0 - 8.5 - 25.5 -0.229 16.1 + 95
U7-L7 - 4,4 — 2.0 - 6.4 -0.055 18.4 + 6
U8-L8 + 5.0 + 2.6 + 7.6 +0.071 22,9 + 12
U9-L9 +10.1 + 5.1 + 15.2 +0.141 54.4 + 74
U10-L10 +13,8 + 6,8 + 20.6 +0.190 40.9 + 162
U6-L5 +45,8 +22,2 + 68.0 +0.615 22,0 + 919

_ U7-L6 +10.5 + 4.6 + 14.9 +0.129 28.5 + 54
U8-L7 - 8,5 - 4.5 - 15.0 -0.125 51.5 + 50
U9-L8 -15.8 - 6.9 -

20.7 -0.192 50.4 + 200
U10-L9 -17.1 • 8.0 -24.00 -0.221 65.6 + 548
L5-L6 -65.7 -22.8 - 88.5 -0.912 15.2 +1228
L6-L7 -76,5 -26.4 -102.9 -1.055 15.2 +1450
L7-L8 -72,8 -24,9 - 97.7 -0.995 11.0 +1070
L8-L9 -66,8 -22.8 -

89,6 -0,911 10,6 + 866
L9-L10 -61.7 -21.0 -

82.7 -0.840 10.0 + 695
U5-U6 -27.4 - 8.8 - 36.2 -0.550 11.4 + 144
U6-U7 +15.2 + 5,6 + 20.8 +0,225 12,6 + 59
U7-U8 +24,2 + 8.5 + 52.7 +0.559 17.1 + 190
U8-U9 +17.4 + 6.0 + 25.1 +0.241 24,9 + 141
U9-U10 + 8,2 + 2,8 + 11.0 +0.114 24.9 + 51

Eäiéäé • + 22,856

AU5 • • 0.79 111.
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