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tures which are responsive to new safety requirements; however, it was speci-
fied that these concepts be limited to structural schemes employing structural
cable systems in applications which differ from’'those used in conventional sus-
pension bridges.

The report is presented in three separate volumes:
. Volume I - Resezrch Information
Volume II - Preliminary Designs and Engineering Data

Volume III - Supporting Data
EFzch volume is responsive to different information requirements and is essen-
tially complete within itself. For example, those concerned with study method-
ology and concept development will be interested in Volume I, while practicing
engineers responsible for implementation will {ind information in Volume II
more applicable. B ,
Individuals in both categories who wish to pursuc their interests in
" more detail will find the supporting data contained in Volume III useful. In-
cluded are a bibliograpghy, detailed metheds of analysis, calculations for pre-
liminary bridge designs, cemputer program summaries, and supporting data
for sign and lighting system support structures preliminary designs.
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ABSTRACT

Volume III of the three velume report contazins supperting data for both
Volumne I (Research Information} and Volume 1I {Preliminary Designs and
Engineering Dataj., A bibliogrephy of literature reviewed during the concept
identification process, detailed methods cof wualysis for eight bridge concepts
given design attention, and engineering data for two concepts {not selected for
detailed attcention) ave included. Calculations for bridge concept preliminary
designs, computer programs, and sign and lighting system analysis methods,
including comments on dynamic analysis, are included as augmentive informa-
tion for the highway engineer who wishes to pursue, in detail, one or more
of the design concepts presented in Volume 1I, Methods of analysis, computer
program listings, and computer program printouts for the preliminary designs
presented in Volume Il are also contained herein,
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I, INTRODUCTION

The research information {(Volume I} and the preliminary designs
and engineering data {Volume II} are syntheses of investigative activities
conducted in considerable detail during the accomplishment of the program,
In order to not unnecessarily burden these summary documents with presen-
tations of detailed data and calcvlctions, supporting data of the report are
contained in this vclume,.

Information pertinent to the first volume of the report (Research
Information) are presented in the first three appendixes. Appendix A is a
bibliography of reference material employed in the concept identification
and method of analysis review processes. Appendi< B contains detailed
presentations of methods of analysis for the eight bridge concepts counsidered
in the concept design evaluation portion of Volume I. (These analyses also
serve as basis methods of analysis for the four preliminary designe presented
in Volume II.) Concept design calculations and discussicns {for the two
bridge concepts which were not given design consideration in Volume II are
included in Appendix C.

Supporting data for the second volume of the report (Preliminary
Designs and Engineering Data) are presented in the final three appendixes.
Analysis and design calcutations for the three bridge concepts which
received preliminary design consideration are contained in Appendix D;
computer program listings and data printouts for these concepts are con-
tained in Appendix E. Thus, complete sets of datz for the three bridge
concepts which received preoliminary design attention can e gained by
referring to the appropiiate methods of analysis in Appendix B, design calcu-
lations in Appendix D, and computer oriented resulis in Appendix E. Finally,
supporting data for sign and lighv structures are included in Appendix F.

This final appendix alsc includes comimerts regarding the dynamic analysis
of sign support structurec.
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METHODE CF ANALYSIS #CF CASLE SUPPORTED BRIDGE CONCEPTS

B.1. "A" Frame Bridpe Analvsis

x P T simple spans
-'5':' {f }/ \
A cm *3,
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FIGURE B.1l. "A" FRAME BRIDGE,
ELEVATION VIEW

H
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FIGURE B.2. "A" FRAME FIGURE B.3. "A'" FRAME BRIDGE

BRIDGE, PLAN VIEW TRANSVEIRSE SECTION AT
CENTERLINE

We assume that the frame members are hinged at top and bottom.
The {loor beams impose concentrated loads onlv on the frame. It is suffi-
cient to consider the cquilibrium ot the frame NOX', just as if it were
indcpendent of the frame YOY'.
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FIGURE B.4. FREE-BODY DIAGRAM OF INCLINED MEMBER

The tension, T, in each suspender has horizon*2l components which
are self-balancing. The vertical components are carried egually by the twe
frames, XOX' and YOY'. The inclination uf the tension, T, to the vertical
is 6.

B.l.a. P Between A and B (Fig. B.1)

From Figure B.4, ZMI«‘ = 0 gives

Vh cota - Hh - Rghp cota =0 {1}
Since the reaction at D is zero, 3 Mg = 0 gives

Vih cote + Hjh = 0
and (2)

H; = - Vj cota
Equilibrium of the ''joint' gives

V=V, H-=H (3)
Substituting (2) and (3) into (1), we have

Vh cota + Vh cot @ - Rghy cota =0

_Rphp
" T 2nh

‘r

(4)

19



and

cot a

But,

So, for 0 <x < a,

PxH>
H=- cot a
4ah

thx

V = ——
4ah

~
B.1l.b P Between B and C

Equilibrium of the "joint"gives {Fig. B.4) ZFY =0,

V+Tcosb -Vy =0
SFx =0, H;=H
YMg =0, H]=-Vjcota

5 0 thota—Hh-«l-D--(—fM
» » 2 .

h> cota =0
D 20

[\f
kS
i

From (9) and (10},
Vi =-Htana
Substituting from (7) and (12) into (8), we have

v+E&-3 i mana=o0
2 b

20

(5)

(6)

(7)

(8)
(9}

(10}

(11)

(12)

(13)



Multiplying {13) by h cot a, we have

Pix -
Vh cota+-——"x a)

5 5 h cota + Hh =0 (14)

Subtracting {14) from (11), we find

P ] - ) N -
-2Hh - 5= {(x -a)h +(a +b - %)y} cota =0

So,
R o
H~-Z}~)-}-]cota{(x-a)h+(a+o-x)hz} {15)
and
'_QP(x-a.)_P _ o
V= -'2——15--— ZEK{(X a)h+(a +b X,hz}
or
P
V—-m{(a +b - x}h> —(x-a)h} (16)
and
_ Plx - a) Platbox)
T = 55 sec 8, Rp = 5 o (17}
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B.2. Leaning Piers Bridge Analysis

I“i ]

£/2

FIGURE B.5. LEANING PIERS BRIDCE, ELEVATION VIEW

Consider the equilibrium of joint O as the strut is assumed to take
direct force only:

Hj
Ry
Ry

&
._.,,.Hl

FIGURE B.6. FREE-BODY DIAGRAM
OF LEANING PIER
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Tg sin @ + Ty einna - Ry =0 (n
and

Tg cos 0 - T cos a - Hy =0 (2}
We have

Ri = Q sin {3, Hy =Qcos B (3)
where Q is the force in the strut,

If we substitute from (3) into {1) and (2) and solve for T¢ and T in
terms of Q, we get

TO = Q sin {p +a)/sin (6 + a)
and ‘ (4)
Ty =Q sin (B - 9)//sin (6 +c)

Taking moments of the forces zcting on the bridge about the center
hinge, we have

and
R=P 1-2% (5)

It is evident that the right-hand reaction R; = 0, since the shear
V =0, The vertical equilibrium of the bridge then gives

(Tl + TZ) = %)'( cosec a (6)

Let us assume that the bridge is free to move horizontally. Then
H = }H, = 0, The horizontal equilibrium of the hinge then gives
- D ———

Iy =71,
So,

Ty = 2—;— cosec a (7)



__..._.._Q sin (-..._...__.B - 6) = Px cosec a

sin {6 + a) 2f

Q- Px cosec a sin {0 +a)
21 sin (B - &}

_Px cosec a sin {0 +a) sin (B + a)

Ty = == ;
0~ 21 sin {p - 0) gin {0 + a}

- Px cosuc a sin (B +a)
24 sin {(§ - 6)

24
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B. 3.

Braced Arch DBridee Analvsis
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FIGURE B.7. RBRACED ARCH BRIDGE, ELEVATION VIE™W

£ =x +aj, n=y+by
§% =a%+2alx + %2, 1‘,2 =y2 +2byy +b%
§n=xy+aly+blx

The equations for determining Mg, Hp, and Vg are

s S s s .
-M, [ W'E“Vofgﬂgi-fHoqu-d—iﬁthr‘dS:o
0 I 0 I 0 I 0 I

(1)

(2)

(3)

We assume that the vertical component in each suspender is T}. T,, etc.,
then the bending moment M' is

M =2 { Ty - ap) + To(E - ag) + e }

[g¥]
(63

(4)



Inquation {4), £ - ap = 0 if nogative,
We take the equation of the arch to be
y = agx +-jﬁ (seec Fig, B.7)
c
Let beight of arch = h and span = £ - 2ay

(£-2ap) (& -2a;)?
=ag +
2 4c

ag = tan Yy3. Therefore,

(l - 2&1)2_ h (f - Zal)

—— = s—— tandg
(1 - Zal)?‘
c = 4 » ag =tan y, {(5)
(£ -2a,)
{ h - — ! tan Y 1
2 0
where
tan Y = ag + ox
c
ax

Ly, = _
tanvk-a0+zc

3k
‘Pk=arctan{ao+3“‘:-} (6)

These equations determine all properties of the arch.

Equations (1), (2}, and {3} may be written in the form

: 5 ,
: 2) )
-Mgk, - Vgek, + 4Hgcks + kzl eTy { by - _C_hlkl =0 (7

H.c 5 a
0 k

k=1

Mok4 + Voc‘tis -
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H.c 5 a
Mok + Vocky - “%'kl - ¥ Tie{hsk- :114;: b=0 (9)

wnere TR is the sum of the iwo suspenders.
We detine the following symbols

&1($) = tan ¢ sec § + A (tan ¥ + sec ¥)
d2(b) = sec3y
d3(d) = sin ¢ secHy -—;-sin ¢ secly - %—A(sec ¢ + tan ¥) (10)

dylt) = cecdy (2 sec Y - 5)

7 ,
¢5(¢) =%- sin secétl! -1z sin U secdy + g sin U secly

1
+ 'gfb(sec ¢ + tan §)

fl(q") = ¢5 - (b3 tanZH!JO + él tan4¢0

by ¢ 3 ®y
fz(‘l’) = -1—5 - -—3— fanquo - T an qJO + _?_—,- tdn34-’0

¢
2 - an (11)
> 20

Yo
o] N
fe(y) = % -—-32— tan y'g + oy tanékbo
161, af 4b,

Ky = gyl -dg) - f40) + e+ {1l %) - ey}

ky = fz(-¢0) - fz(kpo) +_c— {f4(“\"'0) - f4(q-’o)f + - Lf3(“'r’0) - (tllz‘)
wont'a

16 21
- 14(49) } Rt
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it

by oy
f(-Yo) - fitko) + B

a

f3(-\!}0) - f3(“!’0) +"“C}‘ {(f}i{-\.llo} - 4)1{;,0‘), -

Zal
f5(-4‘o) - f5(\’r’0) e {f3(-¢0) - 53(.\;.0)}

™

ay
i
+ —
c

4&1 IZ

o
{- W) - {awg)g

{6,0-9) - 6,14} +

¢1('4’0) - 4’1(4’(.)) +T-I—l-g0

2 sec t.!JO

L2 ,
2 tan“y cosec i,

tan QJO sec Y (2 +

(1+ 5) sec

tanzlbo cosec Yy

2 +a

3a5

sec ¥y {2 +57 (1+

1

aS\
T

21

ol

Yo

235

2]

)}
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4’01
- - f PRI R oy )
f4< 4‘0) xlykf'k) + = {‘:’l( ‘1’0! ¢1(‘4’k)}

Sa% 1+
+ -;—2-— '1—: tanzq'Jo cosec Yy

ar ¢ .
hzi = f2(-¥0) - 00 + = {f4(-¥o) -.‘”4(‘&.'11()}

4b 31
Ll 162> 2 I
+— L13(-VO) - f3(41k)}+ 305 1 tan g sec Y
3%
X (1 +-2-a—1-)
hyge = f3(-0) - 5000 + = {&10-00) - 6180}
3k = 13\-¥o) - 3w =1 o {-¥p) - oy (14)
2a1 L, (£ +as)
t——=sec ¥,
Iy c
h4k = ¢l(-¢0) - ¢1N—'k) ’*":Ti’ sec 'JJO

Zal [ ,
hgy = f5(-4‘0) - f5(¢k) + e LfSi-\pO) - f3(¢k)}

af . , 1 aj 41,
s Sl s s sec by

3a 2ar,
5 5
X{1+—a—1—(1+“a':")}

The next step is to solve Eguations (7), (8), and (9) in the form

Mg (Tlc}
Vgc = [cy] T,c (15)
Hoc Tge



where

-1

Leijh = TA450 555 [B35]5 v (16)
.—kl -kz ‘xt\3—
li?
(Al = | kg kg -—= (17)
kj
ke kg g
2] / a ( asg
\hz.l"c_hl,l) hz.Z‘Thl,.z) """ ha,5-—=hy,s
. ay \ . az ag N
[ Bj;] = (hs,l'—ghs,l) hg, 2 -——h3, 2 hs g-—h3 5] | (18}
a &
( 1 2 A 5 \
ha 3 -—h hy 5 -=2hy olemee hy g --2h,
L\‘3,1 - 4,1) (3,2 c a2\ s TR, 5 )
We then obtain
Mo = ZCTko,k
Voe = ZCTksk (19}

_L/l/r\‘\l\
!»{/dl edzid;----—— N

FIGURE B.8. SPAN NOTATION

The deflection w at a point § due to a load at z in a simply supported beam
is

30



wl

d = dfggj' “C" (a5 2 m bz} - L (¢ e ’?dj.dk)}

For the compatitility of deforination of 2rch and beam, we must

have
5 ]
: i 23 ( /
_C__. + ML,:-:‘. ';f"__ ');.'f 2
4l k§ quJ 2 ¥ o1 L ., 2, nd ’Z)
P
R 'ka (dJ’ dk, r‘d ’\“k)}
3c21 TJE o
235 2 DGt £(d,,d,, PR
P 2 %G 2T (4 % g, dk) 24.a3
)
= FPf (d_]‘ Z, quZ) (20)
These equations determine Ty for any value of z
where
7
x§ xY £ x & h}
2y » - 2 2 1 _ X 1 3 s x &
e 8 nx,g) az{ ( al \ a) (a a) )
nyx _5y¢
a(a a)
(21)
n =X, x _<-g
n=§, x>t
and
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where

P =] jzk
p =k, k>j (22)
j=1,2,.,.5, k=1,2,3,4,5
We next solve the sci of five equations:
5 3 3T.£.1
3¢’ 1 ii
z T f d‘td‘:n P +—'"‘_‘"—q_}+ oS
=1 k{ ( ) K .dj' OJ) 2 4317 kj Aja3
=f(d., =z, (23)
( J ndj,z)

{(j=1,2,3,...5)

for any chosen valaue of z, This gives T, for a given 2. Thus, the

tensions are determined for any position of the load, and all quantities
required in the arch and becam can be determined.
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B.4. Bridle Bridge Anzalysis

B.4.a. Bridle Bridye with Hinpe

4
¥

)

FIGURE B.9. BRIDLE BRIDCGE, ELEVATION VIEW
x=<a

Rjya - Pla-x)=0

Pla - x
R = (a-x) (1)
a
RI-P+2T1 sin a +R2=0 (2)

Rp Xc-Ri{fa+b)+Pla+b-x}=0

RZ XC-P(a—X)M-l-P(a-{-b-x)=O
a

Pbx
R = =
2¢ a
R, = - £0X (3)
ac

Pla-x) -P +2T; sina - Ebx. g
a ac



27T)] sina=P {Ll 4 -“31

ac {1)

7w X2 Cosec o0 Y
1 N d H
2a \ c/

T, cosa =T, coc B
H l !

Tl cos a

T-H =
2 cos 3

The compression in the tower is
F=T;sina+7%, ¢inp
2

F=T {Sin a +ces o otan .3,}

Fy =§£(1 +—}3>(1 + cot a tan ;)
Za c

et
&
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FIGURE B.10. FREE-DBCDY DIAGRAM OF VERTICAL MEMBDER

X 2 &

R1=0

R2>’;C+P(a+b-x)=0

_ _Pla+ b - %)
R, = - =&-
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Tl T COYed o g 1o ——— (9
Z 1 < ‘
- . Ty om e

F = -}:; <1 R ‘~‘~-‘-5—"~) (I + cota tan ) (1)
- < J

If the horizental components of the tension, T} and T3, are not equal, there
will be bending in the tower.
Equations (4) 2nd (9) are always valid. U the bending of the tower is

taken into account, T) is to be calculated from thhe forrnula

£
T _ T}“Z Cos%a _ Azhv § p (l)‘
2 T i cosp  © HETELEC T &

B.4.b, Pridle Bridece Without Hinge

This is the same as in Figure B.9, except that the hinpe at the
puint x = a is removed,

The equation for determining the tension Ty is

T) = fid, %, w) cosecal/n) " (12)

£l Hpcosa o G2y g
)\{ R e ———— T ~i 1 -
=3 1 4415 cos P 3?;&\ A

Aa
3
3 Asn
_ Ah° . .2 iy
My = —i—I—[ cosa ’ By = 0,15 cos P
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B.5. Stayed Gircdewr Bridme Analysie
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FIGURE B.1ll.. STAYED GIRDER DRIDGE, ELEVATION VIEW

This is a statically indeterrainate structure. We apply the statically
indeterminate tensicns as loads on the beam. The deflection at each point
must be compatible w:th the stretching of the cable,

The basic eguations are

T3A:L; .
L) sine = W s for j=1,2,...6 (1}
Ej i

where the right-hand sideis the deflection of the beam and the left-hand sidei
the stretching of the tie.

2]

The deflection at x due to a load P at § on a simply supported beam
of length a is

‘13x~ X z 2
weER L 0x) 0o 3-8 -] @

where
nxg = X, X Sc:
n = §, x2>E
5



Pal |
6EI i(x: g: T]X, g) (3)

w =

The deflection at x = ag is

w —-.3;_3_. pf( £ ) 2T.f (=
x=ay  6EI Bgr S0y £ 1F \%s 21 Mg

) sin a
s sl

—ZTf(a,a,n, )sina..
2 8 2 d,saz

- 2T f (as. ag, nasas) sina .,. sin a (4)

ov

J
I
\ .
Pf kas, £, "las,g/ -2 ? ij (as, aj, nasaj) sin a

- 2T f (as, a, “as.as) sina = 2T sinakg, jts

a_ L -
K. = ss 6E1 (5)
s 3
5 a

o]

J
T, {f (as. age nas'as) +k } +j§1 T.f (as. aj nas'aj)
R CH L R D (6)

There are as many equations as there are tension members, so the statically
indeterminate quantities can be determined. Each solution is valid for a
given position x = § of the unit load,
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B.6. Frame Bridge Annlysis

B.6.a. Frame Bridge with Continuous Girder

H I

1)
\\ Hinge
Tie
A\
} F)
{

J/\& ' \
2b 3
—_— (e— F > Roadway

z Flcorbeam | \\
d RN
/ AN

H, Hp

lTx /-Span a, Moment
S of Inertia -1
NI 4 -

[ 75 % l T \2\

é‘a {In Plane of Frame) h

Vi

NOTE: Inclination of plane of frame to vertical = %

FIGURE B.12. FRAME BRIDGE, PLAN AND ELEVATION VIEWS



We shall assume that all the forces act in the planes of the frames. This means
=

that the tension members are in ilic plancs of the frames, or, equivalently,
the floor beams are in the planes of the {ram

285.

This, in fact, is a
desirable feature. Obvious modifications may be made if the ties are not

in the plane of the {rame.

Solution of Rigid Frame

FIGURE B.13.

FREE-BODY DIAGRAM OF RIGID FRAME

1

‘All forces acting in the plane of the frame are produced by the tensions

in the plane of the frame.

. 2b+d cose) . d cosa . -, dsina
v, = F, & FF P (F, - Fyy doing (1)
=73 2c e Tt P T
2o +d cosa) . dcosa . d sin a R

= Fy ! Ly F - (F, -y &2ne (2)
V2 + 2¢ 372 t¥2 1) 2¢
c=b+dcosa

[F3+F. Fy- Ty
HI:“ J;——;l('otaw—-—z- '

(%]

(3)
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Hj = O T L (4)

The deflection Ay at the top of the frame, in a direction normal to the

inclined leg, is given by

(Fy- Fy) d°B)  (F) - F5) 4B,
o = - + L (5)
EL BL
2 I
Py = 1)b 1+ 571 cosa
| 6] 2 a1,
(6)
B =L ——C-l-sm -C—+£I——-co<c\
2762 d q21, )

Relations between tensions, T, and forces, F, are
F3=T1+T2cos¢ Fy =T, siny
Fy=T;3+Thcosy F, =T, siny

The displacements downward, in the plane of the {rame, of the lower extremity
of the tension members, in the direction of their lengths, are as follows:

T}

3
6y = -I_;_il__[(’fl - T3)ﬁl +{T, - T'Z)(}Bl cosy + Pp siny}] cosa
~1]
Tig
MV
T, 3
! -
&2 = Iil [(T) - T3iB; + (T, - T3} cosu + Py sind)) cos {a-¢)
“*1
Tol
+ _g__Z_ (N
AyE



it

3
' : .
6y = - 2 Ty - T3)py + (T, - T2y cosy + By, siny)] cos (a-y}

EL
1
'R
272 (10)
ALK
Ts
a3 '
= - _-EIL (T} - T3)By + (T, - T2)B) cosd + B> siny)] cosa
T2t
+ 2L an
ALE
The condition §; = § leads to
» ‘ I's
(T, - T3) = - B3(T, - T3) (12)
with
£,1, 7
Bz = Py (P1 cosy + P2 siny) + — sec (a-) (13)
' 242d3 J
/

'
If Equation (12) is used, T may b« eliminatod from f1e equations and we get

oo a3 T-i,
5 = - D — CuS +
1 (T 3)E11 Pa ¢ AE
14
43 Tt ¢
62 = (T1 - T3)— cos (a-y)+- =
2= (T 3)E1, By ( AE
&6, = - (T T -—‘f— sa + !
370 (T - Tl By cosat 0
(15)

By =Py - B3(Br cosy + P sind)

i~
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Assume a load P on each bridge girder. The vertical deflection of

the bearn at any point x when the unit lond is at x =

-

_ Pa”® o .
W ""E"—I“‘f(xrgn") (16v

. & 4 b
G, 60) = 7 AR

n=g ., x>t

a is the bridge span and x and § are measured from the left end.
The bridge girder is subjected to the following loads:

(I The tensions Tl cos & and T3 cos ¢ at ® = a) and a

-

>

(2) The tensions (T2 + le) cos$ cosPatx = al2 = a)

(3) The travelling load unity at x = £.

-

Equating the deflection of the girder, at each of the points x = a}, aj, and ag,
to the delections cf the cables, one obtains the following equations:
Tiayy + Tprayp + Tyayz = (a2, M) cos (17)
Tyapy + Trapzp + Tyany = i(az, £, N) cos ¢ cos Y (18)
Tiaszy + Tpazp + Tao33 = f(2s, £, 1) coso (19)
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with

a1l =584 cosa t ot in ) w230 vosy) cosy

Ay, =21, cos iy cos’

2
=47 g o o 5 2
Ry i“ﬁg: cosa-{Bsf;pcosd ~ f14) cos®e
= 3 I ! /v N T 2 Z
aoy = ;?;Hﬁ‘; cosf{a-y}+{{j, cos i+ Pyips cos Y) cosTo
151
azz = =5+ 2z cosly cosy (20)
aSAZ

a2
Ay3 = - —3‘—1—54 COS(a-¢)+(QSf22cosz‘xp - f;5 cos ) coszqo

© a3l
(.3
_ a3 1. -
@3 =T3Py cosan(f); +Byfry cos ) costy
La 1
Ggy = 2f23 cos i cosz¢>
a® 1 b1
a33 = —3 {TR4 COsa 1t (f3y - B3lr3 cos) coslo
a” *1 a3

fip =1ag, ap, ag)
fl2 = f21= fa}, a3, a))

fy3 = {31 = f{ay, 23, ay)

Equations (17), (18), and (19) arc to be solved for the tensions Tl, TZ’ and
Ta.
Asgssuming that the Tj; are known, tne bending moments and shears in

the frame and the biidge girder can be calculated.

44



(Fl - 1“1 ) I Sin (3 (Fq + }H‘.ﬁ) deoasa + :),Fsb
Vi = e SN —
’- 2c 2c

(Fy - Fy) (Fg -~ ¥4
H; = 2 > ! + 3 = - cota
. 4

(Fy - F1)  (F3 - Fy)
Hy = - o2 P T R

Z 2

(Fg 4+ Fy)dcosa+ 2F;b (F; - Fj)d sina

Vo = - —
2 2¢ 2c

(T=Z - Ty} d sing sind

Vv =
1 Z2c
. . , (21)
. [T} +Ta+ (T, + Ty) cosuw)] 4 cosa+ 2b(Ty + T, cosy)
' 2c¢
4
V. = (T - T2) d sina siny
2 Zc
[Ti + '.["3 + (TZ + T'~,) cosy] a cosa + 2b(T, + T'? cas |y
+ - = =4 = -
2¢
1 1 -
(T T5) [(T; -~ T2} + (T - T») cos i}
H; =2 "2 sin{ + 1 2 2 K -- cota
2 2
(T, - T5) (T, - Ts) 4+ (T> - Th) cos ]
H) = —22—2‘— s+ 1 3 5 2 £ cota

M; = (Vy cosa - Hy sine)¥
My = - {V; cosa - H; sina)x

In the last two equations, x is measured along the leg of the rigid {frame,
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B.6.b. Frame Bridge With Hinead Girder
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FAN / a) '__]J

-/ az . 1{ \)
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\\\d

FIGURE B.l4. FRAME BRIDGE WITH HINGE, ELEVATION VIEW

In this case, an additional egquation is available fromn the condition

that there is no bending moment at the hinge.

The two eguations to be solved for T} and T3 are

2

Ty <ﬁ»4 cosa secd + h sec ¢ + )\{35>
Ayd”
~T3 ((34 sec$ cosa - Xﬁé) =X rf(al' Eim) * ﬁ»?i‘} (22)

Ti(-B4 secd cosa + \Bg) + T3<F34 secd cosa

+

3
13 sec &+ \B1g) = )\ﬁgg' (23)
A d / a

By1s B2s B3» and Py have been defined in Paragraph B.b6.a.

2 2 -
a a £51 a a p‘z
b -cose il 2INT, 2 _lsew(_l.vsecw.:) (24)
3 g g goA, B a 2



>

2.1 a 2 [
e = z_ 7L sec b (—L ey ~ ——2’-)

ngZ g a 2
ZaI al >
P7 = — sec”d secd
A2g3 g
£,1
hY "2 z
Bg = <1 - —-) 5 sec”y secd {24 Cont'd)
g Azg
51 a \
Bog = (1 - h\——zv—q- sec \L(—-—l secy + -‘B-)
g/AZgJ a 2

ﬁ = 1-1—1.\‘2 COS@_}_’_}_2_+ 221 1 b‘\SeC' i‘l‘SeC' ?.3_
10 g/ 3 g2 A2g3 g) "\ a ¥

3
I
gz?z‘— . h=a,-g x =18 (25)
Ia°
£
a—2
. 2 2
a a a a
oy, o) = 2202 (3 1) <1 : é> L (2L a) i n(_l-.f.> (26)
2 |\ 8 g/ \eg &g e\g &g
n = al N al _Sg
n=§ , 2 2t
1
For calculating T, and T, we have
£ a) B3 aj B3
TZ:;—secq)sec:lp-T1<-a—secx,br—-2—/;-T3 —a-secdg--:—z-l (27)
and
1
Tz = Tz +83(Ty - T3) (28)
Once T1 , TZ’ TZ" and T3 are known, Equations {(21) maybe used for

calculating moments and shears in the -igid frame.
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B.7 Leaning Arches Bridege Analysis

M ) -
‘140.}..\..—}_,. Hg ~= £
Ty

-

4’4 = "!"6' ‘:’5 = 4’7’ 4’9 = ¢Il' 4‘10 = 4‘12

FIGURE B.15. LEANING ARCHES BRIDGE,
' ELEVATION VIEW

@
The aim of the analysis is to obtain the tensions in the cables and the

bending moments and sheais, in the arch rib as well as in the bridge girder,
for a uri* load at any point on the span.

The analysis is carried out for two types of arch rib: (1) constant
arch section, and(2) moment of inertia varying as the secant of the angle cf
slope of the arch(i.e., I{s) = I, sec §, where I is the moment of inertia at the
crown).

The basic equaticns to be derived express the condition that the deflec-
tion of the arch rib plus the stretching of the cable equals the azflection of the

bridge girder at the appropriate point in the appropriate direction.
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iiquations for determining Mg, Vg. and Hy (Figure B, (0} are

-~

£y ;{ Minds . g (m
-~ /0 %
Mg | £98 + v fe2ds oy lg,ds -/:_’Eiﬁ_si_z 0 2
Oj I Of [ 3 (2)
ds ds ds f g
Mg | =2 +vyfess.n 28 fmr iz
o-/‘I o‘fg oy n-7 S (3)

In Equations (1}, (2}, and {3}, the integrals are to extend over the entire
arch length., ds is the differential length of arch rib and M' is the bending

moment due to the external loads,
In evaluating the integrals involved in Equations (1), (2), and (3}, it will

be noted that if
I(s) = (sec ¢} I,
then

ds -
I{s)

, since ds = 3§ sec Y.

i

Thus, the integrals can be readily evaluated. This is the case of ''variable
moment of inertia' for the arch rib.

The arch rib is assumed to be a parabola defined by

n= ¢ tan yg + £2/c (4)
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or

4h g 4h g2

n= 1 L2 (5}

In Equaticn (4), §p is the slope of the arch at the left abutment. In Equation (5),

1. is the arch spanand h is the arch rise. We also have the relation

.. .dn_4h/(; _2¢
terw = 5 7! L) ()

The integrals in Equations (1), (2}, and (3} may be evaluated for the two cases
and defined as follows:

Constant Moment of Inertia

L2 /L2 2

yds= == | [-=\" £, - 0| = L& g (v

f)’ 8 4 [(\4}1) 2 Oj} gu(V)
\3 1.\2 L _ 3 |
) oG ‘2"(‘;;)f1”0] e
2 L3 L>3 <L) (L\'I -[_ 3,
ds = - == | [} £, -2 [=)f, + (= fal = L )
fy 16 [(4 4 an/ 2" \an/ O_l g2l

L2 | /102 Ly, | 2 (
: = = [ - (=5 = !
,[x R [(411, i ()R] = Lest

[t ar=-r2 [(ﬁf G2 (&P a(E) fJ\ LI

x

<

o

v

0

1
ot
o
-
= lf*

il

In Squationse (7),

{tan Y sec Y+ ﬁv(tan Y + sec l@)}

[

fo
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£ :-2—80,;34,
f lfrsin { 4y o L sir: U sccly - Lg (sec U + ¢t L) {8)
Z-BL Y sec Zux..hc Ly 2,.19 ec iy an y
fy = secty {3 s«3c241 - 5)
30

1
fg = -;— {-:;- sin Y secé\lJ - %sin@sec‘ﬂx + % sin ¢ secz\p

+ é‘ ,./‘/?m(sec § + tan 4.)}

We also define

(9)
=82 ("4’0) - 82 (\’Jk)

]
[a¥
=

i

and similar expressions.
For varying moments of inertia such that I{s) = I. sec ¢, the expressions for
y c P

g1, 8p» etc.,are as follows:

(10)

el 3 -
=182 gy = L E2 ey = &

For both constant and varying moments of inertia, the definitions in Equation (9)

hold, with appropriate interpretation of the term: gj.
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where

Let

Equations (1}, (2), and (3) misv now be pat in the form

-
r 3 15 ) ]
Mqy/L - Ryl |
k=1
J 1%
lGij]< VO ? = llekh?}k > (i1)
L=
i&
Hy > Ryhyy
. J k=1 )
.

[Gil =1 83,0 8y, -% ¢ (12)
85,0 3,0 TEo,0
&
L ﬂk
hyp = 8in 0y { 83,x "7, gb.k} * cos Gk{c‘!o,k "L 85,k
_ gk n n 2
th sin Gk g1,k " T g0, k cos €L 482, & L g0, & (13)
£
hagy = sin 9, {g4,k - Kgy ¥ cos dk{gl kT 5T B3,k
(G170 = [Fy.)
ij ij
ay = { ho Fpy thFyp v ‘*LQ“U}
o (14)
Py = { horFa1 ThgFap t hanz:a}
Yy = { b3y + hy Igy 4 "1kF33}
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Then

7 k%%
L ke
15
Vo = RkPk (15)
k=
15
IIO = Z Rk”}}.
k=1

By use of Castigliano's theorem, it may be shown that the deflection of the

arch rib in the direction of the tension R; is given by

L3 | M <
Ri= T "L P 7 Vel t Hohyj +k2:‘RkZ(J.k) (16)
=3

Here, 1is either the constant moment of inertia or, in the case of varying I,

the moment of inertia IC at the crown, and

o . & n;
Z{j, k) = (sin Oj}hs y - <= sin€; + —= cos 65 | hy, x

+(COS GJ) hZ,k k>j (17)

. . Ex Nk \
Z(J,]() ::(S:DGJ-)h3’j -(-I:' Sin 9.}: +—-L-— COB 91(/ hl,j
+{cos ek)hz,j izk (18)

Substituting Equation (15) into Equation (16), we may write:
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109

15
L.
.:-E—-— z qu(.]',,

(19)
%,k = 20 KD = hjan - By Ry

The cable tunsions act on the beam. In the plane of the arches, the components

normal to the beam are

5
Tl = gle sin t’?k

10
T, = 2 R, sin 8, (20)
k=6
15
Ty= Z Ry sin @
k=11

The deflection of the beam at any point x, due to a unit load at x = x', is

- B8 21
w = ¢Eig f{x, x', L) (21)

where

The vertical deflection of the beanr; at the rzsultant tension Tj, for a unit leoad

on each floor beam, is:
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15
wi = 2 f{d;, a'v L -cosd g Ry sin 0, {(dy, du, L
J 6EIB J' ~ “ij'xa) ¢“c/;} k k J. K 'dj,dk)

It is to be noted that there ur: unly 3 volves of d, viz, dl' dz. and d3'
whereas there are 15 values of Ry and 6x. ¢ i3 the incliration to the ver.ical
plane of the plane of the archesx.

Compatibility of deformation requires that the component of the deflec-
tion of the beam in the plane of the arch equal the deflection of the arch rib
plus the stretching of the cable. This condition must be satisiied for every

cable.

R-L.
6Rj + cmid = Wj cus ¢ sin B

QJE j (22)

Note that w; has ¢nly 3 values,whereas R, and C’j have 15 values each. Thus,
Bl
there are 15 equalinns for determining the Rj.
Equation {2Z) may be put in the following form
15 o , )
ijj + 2 Rk Aqg(j, k) + cos“é sin Gj sin Gk f(dj, dy, (;dj'dk)¥

k=1

= f(dj, x', gdj,x" iin (}j {23)

6Ig L3 L Hite
I a3 ' 1\.1213 J

In applying Equation (23}, it is to b2 noted that

(1} The value of j for Rj on the left must be consistent with the value
of d; on the right.

o
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(2} OSince the cables cannot carry compression, if any R. turns cut
negative, the solution must be revised by setting tha Rj = 0.%

(3) I=Ic in the case of varying moment of inertia ¢f arch rib

Additionally, we need the values of *
(1) Bending rmoments at crown and ¢pringing
(2) Thrusts at crown and springing
(3) Bending moments in bridge girder.
Arch Rib
At Springing
Moment = Mg
(24)
Thrust = Hy cos pg+ Vg sin yp
At Crown
Moment = M + Vpy & - Hah
0 07 0
7
T Ry {(sin6,) [T -5, ) + cos o,(h - ) (25)
- k sin klZ k .cos Ot Tk s
k=1 N
7
Thrust = Hj + Y Ry cos 0y (26)
k=1

Bridge Girder

t would be sufficient to calculate the bending moments at 2 points, say

<

at 1/4- and 1/2-span. The tension Ty is[see Equation (20}]

: 5
Tl = z Rk sin Gk
k=1

#*Note: The signs of the R;’ are dependent not only on the cross seciional area
of the cables but also the flexinal rigidies of the beain and the arch.
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et

3
= _a- x' -l {"i_'_‘_d?
R = & LTt e7)
k=1
Then
Mj=Rdy - (@) - x")8
(28)

M, = Rdy + Tyld - dp) - (d - x' )6

- %)<
where 6= 0if G1°% )< 0
(dz - x')<0
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B.

8 Dome Bridge Analysis

FIGURE B.16. DOME BRIDGE, PLAN VIEW

The plan view of the gridwork deme is shown in Figure R.16. We

assume that the radial legs are fixed at the lower extremeties. The coor-
dinates (r, s) are shown inthe figure, Loadsareappliedatay fo the intersections.

of the grid,

There are six unknown displacement components at each node which

we denote by the column matrix

(1)

dLs :{ers,xers, yers, zsrs, xérs, y6rs, z}
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where x, y, and z are local cocrdinates, x ie taken in the radial direction
positive outlwards; y is verticallyup, and z is in the positive s direction. The
6 are the rotations, and the & are the deflections,

Similarly, we define the force-column matrix as

F?:S = {I"Irs,xl\’lrsr vMys, zfrs, xfrs, yirs, z} (2)
The force matrix (2) consists of all the forces at the [r, s) end of an arc
extending for r to {r +1, s}, Myg, 4, for example, is the moment whose
vector is in the positive x direction at the node (r, s}, The superscript R
denotes that the forces are to the right of the node (r, s} as we proceed in
the positive radial direction.

The force-displacement relation for an arc extending from (r, s) to
{(r +1, s) may be written in the form:

Fl}s drs

= [Krs] (3)
L
Fr+1,s dr-i-l,s

L

Fr+ 1, s are the gencralized forces at the end {r + 1, s) of the arc, and
d,. +1, s arc the six displacement components at the same end. The super-
script L denotes that the forces are at the left of the node.

The stiffness matrix [Krs] is a 12 X 12 matrix and is given, for
example, in '"Curved Beam Stiffness Coefficients' by D, L, Morris, pro-
ceedings of ASCE Structural Division, May 1968.

For a horizonta! arc extending from (r, s) to {r, s +1) with stiffnes:
matrix [Kyg ], we may similarly write

=R
FI‘S drs
= W
L
Fr, s +1 dr, s+1

To compute [Ers] from [K. 1, we have te take into account the
change in the direction of x, y, and z axes. Initially, we treat a horizontal
arc as if it were a radial one, and write the { K. ] matrix. Then

[Kps] = [TI{Kpgl[T]! (5)

where [ T] is the coordinate transformation matrix, [Kyg] is a 12 X12
matrix, and the transformation matrix [T] is

59



([T,] o 0 o |
o [T,) 0 0
[r] = , ‘ (6)
0 0 [Ty] 0
| o 0 0 (111}
where
0 1 o0
[T,1 =0 0 1 (7)
1 0 o0

and each of the zeros in (6) stand for a 3 X 3 matrix of zeros,

By suitable superposition of the matrices, we may generate a system
stiffness matrix equation. The left-hand side of the equation then consists
only of the external forces applied at the nodes. For this purpose, itis
useful to partition the stiffness rnatrices thus:

ars Brg
[Krgl = (8)

Crs Drg

ars Brs

[Krs]

€rs Drs
If we denote the external forces at each node by the column matrix,

P’f‘s = {01 00 prs,x Prs,y Prs, z} (10)

we specify that no concentrated moments are applied at the nedes, but only
forces in the x, y, and z directions,

The final equations may be displayed in tadular form as shown in
Table B.I,
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It should be noted in Table B.I that Py stands for six force components
at thenode r =0, s =1, and s6 on, Thus, the column matrix on the left has
seventy-two force components, six at each of the twelve nodes chown in
Figure D. 8. 1. Since the .rdial beams are fized &t the bottom, all the dis-
placement components vanish at thezc points., Thus, d3) = d3p = dz3=d3g =0.

The displacement components dgy, dpp are shown horizontally at
the top in Table B.I, instead of vertically to the right. Each symbol d stands

for six displacement componentis, the three rotations, and the three deflections
at each node,

The system stiffness matrix is a 72 X 96 matrix connecting the

seventy-two force components to the ninety-six displacement components of
which twenty-four are zero.

In actual practice, for calculating influence lines, all external forces
with the exception of a chosen one will be taken as equal to zero so that the

left-hand side will have only one nonzero element. The displacements can
then be solved for by matrix inversion,

It is convenient to note that:

(1) Fox the radial beams, the radius a, is a constant, only the angle
Brg varies; and

(2) For the circumferential beams, the radius a, g varies with r only.
That is,

[—Rr,s] = [Rr+l, s} = [Rr + Ik, sl
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APPENDIX C

CONCEPT DESIGH SUMMARY FOR 4" FRAME
BRIDGE AND DOME BRIDGE

Two of the eight bridge concepts evaluated during the research phase
of the program (summarized in Volume I} are not given preliminary design
or concept design consideration in the summary of results portion of the
report (Volume II}. These two bridge concepts, the "A' Frame Bridge and
the Dome Bridge , were judged to be infeasible as effective methods for
eliminating massive support structures adjacent to the roadway. Engineecr-
ing data and conceptual designs developed for purposes of the bridge concept
evaluation exercise¥ are recorded in this appendix for reference,

C.l1 "A'" Frame Bridge

This bridge concept, described in Figure C,1, was conhceived a5 a
method for permitting removal of the median pier while retaining an existing
floor system. The main structure consists of four inclined members which
form a pyramid; the four members are pin connected at their apex and are
pin connected to their supports. These¢ members support three floor beams
that form the supports for four simple spans. The center floor beam is
cable supported from the apex while the two outside floor beams are pin
connected to the inclined membexrs, It is important to note that the roadway
girders or floor beams do not provide tension ties between the inclined mem-
bers.

The analysis of this bridge concept considered the structure as being
statically determinate, The structure is a space frame and is axisymmmetric
about a vertical axis through the apex. The analysis methodology employed
laws of statics in three dimensions, as summarized in Appendix B,

Influence diagrams for major structural members and floor system
members are shown in Figure C.2. A significant observation resulting from
the analysis of this structure concerns the bending of the principal structure
members while a load is on the two spans immediately adjacent to the floor
beam/main member connection point. Calculations of design values for
forces, moments, and shears are presented in Table C.I. Note that the
length of the principal structure main rmembers results in a2 relatively large
bending moment in these components.

Concept design calculations for the "A' Frame Bridge are included in
Table C.II. The main frame members are configured as box girders capable

*Summarized in Table 1I of Volume I.



of carrying the bending and axiel forc«s computed in Table C.I. The beam-
column action of these members, in conjunction with a 157-foot length,
resulted in the design of a relatively heavy section. The cable supports
attached to the center floor beam contribute very little weight to the principal
structural system.

5 dictated by the geometry of the main
frame; simple spans of 34, &5, 85, and 34 feet are required. The stringer
system within the 85-foot spzns consists of 30WF130 beams and, thus, con-
tributes significantly to the weight of the bridge. An alternate plate girder
design or continuous girder design cculd save come weight; however, the
interspan relationchip dictated by main frame geometry will not permit a
high degree of design optimization.

The tctal weight of the bridge does not compare favorably with bridge
concepts responsive to identical load and geometric requirements. The
design scheme is not particularly efficient because of the bending present
in the relatively long frume members, Finally, the scheme is not as
aesthetically pleasing as some other bridge concepts.

C.2 Dome Bridge

The Dome Bridge, described schematically in Figure C.3, is a
unique concept which eraploys two circular arches which intersect at right
angles over the centers of the crossed and crossing roadways. The crossing
roadway is suspended from cables that connect .o the arches at joints formed
by stiffeneing rings; these rings interseci the arches in two horizontal planes.
The floor systemn is a stringer and floor-beamn: systéxn spanning four simple
spans.

The Dome Bridge may be analyzed as two circular arches connected
by horizontal rings; the compiete analysis is included in Appendix B. For
preliminary analysis purposes, however, the arches were considered
parabolic, and the hanger loads were considered to enter the arches in the
plane of the arches at intersec:ions with rings. Uniform dead and live loads
were considered evenly distributed on the arches, although it is recognized
that these loads must enter the arches at discrete points through the hangers.
The floor system in this structure consists of four simple spans, thus
simplifying the analysis of the floor system. Influence diagrams for the
Dome Bridge are presented in Figure C.4. Table C.III contains computations
of design forces, moments, and shears.

Concept design computations are summarized for the Dome Bridge concept
in Table C.IV. To accomplish the preliminary design of this structure, it
was necessary to make certain assumptions concerning the manner in which
the arch is lcaded. Uniform dead loads and live loads on the floor system
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were assumed te load the arches in a uniform manner. As may be noted in

the conceptuil sketch, the arches are actually lcaded at discrete points

where the hangers join the arches. If these loads were injected at the hanger

locations, as would actually be thz case, more severe moments could be
realized., To further detract from design effectiveness, the arches and
rings which comprise the principel structural system in this concept are
relatively long in span. Further, the attempt to Leep loads within the planes
of the arcnes, insofar as possible, results in two rclatively 1nra floor beams
which contribute significantly to the weight of the total system.
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