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ABSTRACT .

A [}

Preloaded Frame Struciures

.. Safwat A. H. Ibrahim o
The intent of this analytical research work is to study

\ -

a new concept which is the preloading method. The preload-
. . ' T ) ) /
ing method is presented as a means of .constructing new cable

. supported systems by using external "cable. .

T4y

Analysis foxf‘ this method .and comparison with thé pre;

/stressing method are presented. A’ numerical design exarhple :

»

is also ' included.

‘I"ne results obtained present the preloaded’ stfuctube ag‘
‘a system ‘'where moments are distributed similarly -as. ~1x; .
continuous ‘beam. . Also, the results 1indicate the preloajt_ilng'
techr;ique_ x;equires l\es;. pretensioning ‘than in .case of pre-

s‘tressing technique, it does ndt require “compllcéted bear-
b * . " ;r

ings and it develops a structure which is better adjusted to

differential settlements.
. .

]
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Dr. Z. A ‘Zielinski and Dr. M. S. Troitsky for their invalu-
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-ation af this thesis.
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‘ IRTRODUCTION
4
¢ ‘ ) |
.7 * “Phe devg.lopfﬁ’ent of the high-tensile steel cable has
-3 ’ .
- . - E enabled the engineer.:s to transmit a large force at a relati-

~

vely low cost.

,
-+ v

i Ever-increasing deman;i’;,fér l:ong spans, economy of cable

»
» ~

- -gsupported ﬁ:‘t'ﬁuctures:. is the main reason why designers are.

- b -

.~ searching for new methods and techniques to fux:ther' the de-
' velopment and use of -cable's. The 1ntent of this research

" -

work 13 to study the preloading technique as a means of con-

’ strugtinc new cable supported systems.

[ N . a

e ’ °
[ ;
", s w
. e
£y /
- . % - *
s : B2 -
Al < '“
&~ .-
. . LX ]
Tolued . *
Aoy -
- ) R
to N
1 S
n ' “» - - '
‘ ¥ ~ - e
o 4 A
) - N A .
Y Figure 1 The bearing tower of Jacques Cartier bridge .at Montreal,- A"
o % kY v
C. - . ' 4 » .
. ' Canada,. strengthened with exterior cables - - R
‘ ‘ ’ ‘ ° ’ . AP r '
E N " N > J -
?f:‘r < N - A
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.- ' Successful ; use of ‘the steel cable in suspension and’
. cable-stayed pridges pas”iniroduced the use ,of .6ables to
. "' ‘many other. t&pés of structures,. such as ldng span roofs.

R

‘ '~,A Purthermore. attempts have been made to use external cables

.7 to strengthen or support beams and girders (15),as in‘ihe

e

case Of the bearing towers Of Jacques Cartier brldge 1n ,

. - z ,l."

" : Qohtreal. Canada. as Shown 1n Fig. {. . ST

- ‘ ) ’ “ ¢ "" \‘ +
LY 'z N
L
a == sy too e {d -
—-il ) ‘o {
y — - / . .
v - 2 k Zhnd A - -
S
J . - ; -
1] - A g
LAl g n ‘ ’\ N ’ ) .
) \ c , o . .
v < s re LY “ i . . -
¢ - . ¢ » M ’ :..A i
N e Lo s i
. ' ; h Figure 2 "Cable supported roofrof the North Carolina ‘State Fair
. , NI . ) R ,
, iy : - e Arena.at’ Raleigh, U.S.A. -
/
s L. ho ) o ,
- a F}gure 3 Diagram showing the action of the main balancing oo .
[ t - .
: ‘ s forces in the North Carolina Arena
‘ ‘ t' » ! “. >t
» 1 hd . N
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W The use of cables for long span rqofs has inspired en-

gineers to experimenthwigg Inew techniques. For instance,

the Fair Arena in Raleigh, North Carolina, in the U.S. A.,

A

built in i953. designed by Matier Newicki was one of the

first strugtures covered.by a large span cable roof(i).” The
main structure of'tan building consists of an ortnogonal~
,doﬁble curvature cable net, supported .by two jintersecting
" concrete arches, each.inclfned at approximately 21° deg-

N - p X .
rees to the horizontal (Fig. 2). The important feature of

thié concept 1s.that the tensile force from the cables is

@

-

~ transmitted to Ehe concrete arches which are subjected to

compression. A diagram demonstrat;ng the way 1in which the
- ’ .

tensile forces in the cables are balanced by the compressive

forces in the arches is shown in Figure 2 and Figure 3. ° ¢

Figure 4 Roof with cables suspended radially between an

inner tension ring and outer compression ring

For long span roofs, several methods were tried out to

transmit the tensile forces in the cables to a compression

oot
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A ‘
' upporting member, ‘'such as using-a compression ring~ beam as

shown in Figure 4, - ‘ )

2 High strength cables‘are effectively useq in prestres-

?

sed concrete structures. The prestressing technique can be
used with a wide- range of structures from simply supported
prestresked beams to more sophisticated structures(2)(9)(i2)

(17) (20) (21). For example, “in the “design of conventiénal~
.Kprestressed structures, it hag long been récoénizéd that con-
. Siderable savings‘ caﬂ be achieved by maK%ng the struc@%re
prestressed and c;ntinuous over supporis. :&i‘éact. a rélat—

3

ively large numbeér of mufti-span prestreésed structures are
" designed with partial or total.continuity. However, 1in view
of the fact that thes; continuous pbestreésed structures may
be more sengitive to differential settlements than simply
supported prestressed structures,the continuous prestressed
structures sﬁould be built on piles, or other deep founda-
tions, unless rock or a hard foundation material 1is located
close to the proposed foundation level. In many instances,
the cost of these deep foundations may be substantially/gre-
;ater ‘than the savings achieved by making,the prestressed
structure continuous(3).
It is necessary to redirect efforts to the development
of the use of cables in the superstructure of the bridge
‘'systems t& solve these problems.( The preloading tecnnlqﬁe

described in this research workK is presented as an attempt

to develop a stchture which 1s better adjusted to




cribed in more detail in this research paper.
T . .

differential sezihements. It repreeents a system where mom-

ents are distributed similarly to the continuousg be;m, req-

uires less pﬁEtensioning than in case of .conventional prest—

_ressing and does not require a complicated bearing to trans-

fer. . the vertical loads from .the superstructure to abutments.

since flexible 1ntegral Joints are used between the super-

structure and the abutments. The preloading technique. can be

seen as a multi-stage"pgsptressing technique(ﬂi(S), where

pretenstohing procedure is required for the first stage,

however‘ﬁhe second stage of prestressing is the result of

. LY
the built-in mechanism of the structure resulting in self

o .
a '

prestressing.
The preloading technique can be applied to any single
or multi-bay frame structure.” The application of this tech-

nique to the single bay freme'structure 1s analyzed and des-

. . ;

5%

T
.
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o CHAPTER_1{
} ) BEAM SUPPORTED BY HANGING CABLE
- —r : /,/
1.1~ b t t
Iog N R .
.ty - // o
i. ’ /// ‘ o
- / Q ‘a
. » i)
p / /\ Cable
i \/\
] .
Cable's D . Cable's
An?)nonge, \; - . rhnchonge’
Saddle -7 .
’
. E. \ ﬁ *
Fixed . ° > Hinged
Support , . & Support %
. Saddle
VE/Z//&% ‘ , g
Scetion a-a : o .
/ . -
" Figure 1-1 Beam supported by hanging cable
. ‘ N * ' v
A ) , Figure i-1 shqws an example of structural mechanism,

* where uie beam is supported by the cables at midspan. at poi-

nt C. The cables are placed outside the beam and support a

’

T Er THEEL.

saadle which supports the beam at the midspan, as. shown in -
" the cross-section in Figure 1-1. Both ends of the cables

are anchored to the tops of the columns. Both ends of the

. i,

L




S

beam/mg\a/t}écned to the columns by means of hinges (p.ir‘w/s)
at pomtsv B anq D, -One 'column is hinged and supported at
point E, while“ the othefi’i;s’sr fixed ai point A.

’ Before applying thé’&;}%{ernal IOa;l Q, assuming the beam
is weightlesé.‘ the force in the cable is zero, and the defl-
ection of the beam at midspan is zero. H‘owever. after appl-
ying the external load Q, the midspan of the beam will-move
downward forcing also thé saddle to move downward. Sequent-
15111{. the cables will elongate, and a force F will develop
" in "the cables due to this e‘longation.

This forcé F will create two components acting on the
beam; a .vertical component V acting at the midspan of the
beax;x through the saddle and a horizontal strut component P
acting axially at the ‘ends of the beam through the hin,gg
connection with the columns at points B and D in Figure 1-{,
Also the colﬁmns will be loaded- with bending moment which
" wWill be discussed later.

The horizo;’ltal cbmponent P ' will produce a compression
stress along ‘the beam and a constant negative bending moment
due to its eccentricity with the center line of the beam
The vertical component V will act on the beam upward in the
transverse direction creating a negative bending moment.

"

1.2 The Vﬁa_l\ue of the Tension Force F

r

The value of the— tension force F acting in the cables

depends upon many different parameters such as: The length
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of the heam, the dimensions of thé_ cross-gection of the ’
‘beam,” the value of the external load, the angle of the cab-
lefs inclination with the horizontal, .the crosé-.«:’ection area
of ;he cables and the permissible deflection at midspan. .

Usivng a small ‘cross-section ’ area of the cables will
result in a negligible forcée F. But, using a bigger cross l
section area of the cables will result in a very sign}ficant

force F. Obviously, a small force is required to elongate a

cable of small diameter, but a lax;ge'r force is required for

-
a cable of larger diameter.

N -
- At big cross-section area of the cables, the resulting
k3

’ force F. in the cable ‘will be much smaller than the ultimate
‘capacity \f the cables. In such a case, the full capacity
of 'the cabl is not utilized. However, as shown in the fol-
lowing chapter theé use 6f the full capacity of the cable is
/ possible. - |
To determine the value of the force F, the deflection
of the beam at midspan should be analyzed. 4
The external load Q@ will cause a downwar.d deflection, .
however, the vertical component V and the horizontal
componex:lt, P will cause an upward deflec.tion at midspan, thus
the total', deflection & will Dbe as ‘i:‘ollows:

6q,. Q‘ - dv .. V - 6p . P - 6 . i . (1- 1)

where
the. vertical deflection of the beam at point C due

0o/a unit value of Q !

)
1
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dy = the vertical deflection of the beam at point C due,
to a unit value of V "
ép : the vertical deflection of the beam at point C due

s -

to a-unit value of P

-

At midspan. the deflection at the saddle due to the

e_L__x_on ation of the MJL&Q!L_L_M_MS_M

t,he beam J4. The deflection of the beam is given in equ-

ation i-1, although V and P in this equation are unknown.
An equatic;n to calculate the deflectior;_ 6f the cables is
therefore necessary. « ‘ ——

Podolny & Scalzi (f) and Troitsky (1) used an’ equatfon - v
to ca»lculate the deflection of a cable supporting a super- -
structure of a bdridge. This equation 1is applicable togthe
cable system shown 1in Figure -2, P .

The deflecti n equation of the cable shown in Figure

1-2 is the f£pll 1n‘¢: -
A B

9.5 8 V:= 4 : I -3 R

2 Eg Acg sint ©
‘where: B
Ee = Equiva‘len‘t modulus of elasticity 1r.1troducg.d by
Ernest (8) for a cable with sag !
. E ] : E . o
e 1 + [ (rSp)¢ / 1203 )
'8 : The total length of the cable )
Aca : The total cross section area of the ca,b\l*ts “
0 - &The angle of the cable’s inclination yim the . ‘ -

Gorizontal - ) )

4

gl
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v. = 'I'hs vertical reaction at the saddle

E '~ : Modulus of elasticity for steel cable

o . : Ténule stress in t; ::able r ' L e
' Sp : The horizontal ProJectiorfé’f the cable’s length

‘r : épecific weight of the cable

i

-y

L

figure 1-2 Cable supporting a superstructure

The cable system shom 1n Fl.eure 1-2 is similar to Qe <
_ cable sy’tem shown 1n Figure -1, however_}he cable in Fig-
u{e, 1 1 1s sux?ported on the -saddle at midspan, wmle the

cable in l;l'ture 1-2 13 clamped’to the saddle. These two
cable systems have the same behavior bedause the vértical
load’'Q is lppue;l at midspan. Therefore, equation 1.2 is
appucable to the system shown in Figure #-1. In the system
lhovL in Figure {-4{, there is a‘lon in the" force acting in °

the cable, this IOSSLW111 be considered in Section 3.4 of
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Chapter 3. "'This ‘loss may cause additlonai deflectionx in the
cable which can be considered separately. .' ’ .
Assuming:

4 C - &58 T
A4 ° "2 Eg Aca Sint O

(1. 3)

thus, '
Cq Vyr . (1.4)
Since at midspan;the deflection .of the cable is e;:xual
to the deflection of the beam.' equation $.4 ‘13 equal to equ-
ation i.4.

> . '
6qu - év.V - 6p.P s ‘/Cd-v . (1-5)

v . A . E ey

Figure 1-3 Mechanism of the system

Vs

v

D

s ay

% .

V:2F sine’ _ (1.6) .

To determine the value of tne_ force P, the colpmn on

the right side in Figure 1-3 will be analyzed as shown in
s Y . [y .

Ficgure 1-4.

s
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By t'akiru the moment at the bottom of the column where

14

~

the center line intersects with the horizontal, the follow-.

3

ing ‘equations are obtained: ’ j
R .
F sin 6
- ™~
‘ ‘
f Q/2 ¥ ,
* < F cos @
* N
P ud‘ v il 4 h
*
4
y»;’ L E ' \
@ 5
. F sin 6
e H ‘
] -,
s Y
o \
[
o \ :‘ ".
. . SO ST A
% ‘ - .,

Figure 1-4 The forces acting on the right side .

/\ column ‘ ’
N L ] A [4

L M-z 0.0 )

R

‘Q K

F cos® (h ,+ H) + 5 (X +—é- = P (y ¢+ H)
- F 3in® (X + -’g-) - Faine X 7 0.0 e
2
. . ’ 3
: h +H' Q. K :
i.e P : F!Ofe (—m) > 2 { -—a—— (X + -—a——) / (y
» & ’x -

- [ F sin@ (X + K/2) i/ .(y + H) b

Y

+ H)]

(1.7)

In equation (1.7), t{xe‘ value of all the Lterm..v: are giv- ¢

-

en, except ‘for the values of F ana P

r i

/S

»
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— . v
By "substituting from equations (1.6) and (1.7) into

eciuation 51.5). considering the value of Q is an'vn. the

. value of F will be the only unknown value "iffi equation (1.%).

’ ¢
In solving this equation, the value of F will be determined.
. .

-

WAL NS
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T N . CHAPTER 2
oo ' - . ° -THE PRELOADING TECHNIGUE ‘
% - . : . P .

24 Zhe "Bas:lc Concept of Preloading .

N In order to utilize the allowable capacity of the L

y . Fan L R
éa’ble,»‘ t,he cable musj. be pretensioned Dy .an, initial preten-

’

sioning force Fi 'befare the service load "is ‘appliea. -

. / ‘ . . .
C This initial pre¥énsioning- force F; will iocad the feam

L

by an tini'tial eccentric ho'rizontal compression component 'Pj

: \
acting at gtne end3n of the beam and an initial vertical comp-_

onent V4 acting. at the midspan of the beam, at the locauon

of the saddle, as shown in Figure 2=—1. ) .
F, sin® ' \ ‘ F, sin o ’
!‘\ v
s————— 4
F, cos 8

M

Figure 2-1 The cable under initial pretensioning force 1-‘1 before
the application of the service load

\The héMezontal member in Figure 2-1 1is initially loaded

by the two external forces Py and Vi, before the application\

.0f the service load. Therefore the term preloadin‘g has ' been.

o
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chosen as a name for_ this technique. These forces Py and Vi

create initial stresses at midspan opposing the expected
stz;esses due to the service load.

| Since th;e value of hthe" initial pretensioning force

Fy will be Known, as will be explained in Chapter 3, the

value of V; can be obtained as shown in Figure 2-i, where,

V1=

-

2 Fy sihe ,

To determine t'he value‘of the initiarl horizontal compr-
ession force Py, an analysis of the support column should be
carried out. The' suppor:t column at the right.side of Figure

2-1 will be analyzed as shown below.

-4

F, sin 8 . . ‘ i »

i
v Fy cos ©
— %t
) ° \ h '
¢
Fi sind . ‘
" “ 7 H
a -~ ¢ N ‘J *
A L E

Figure 2-2 The forces acting on the right side column

e
In Figure 2-2, all the vertical forces that are acting

on the column are assumed to be locateda at the 6enter line

-



. ( T

o% ti'xe column. The initial ho}izontal t;ompression force P;
is ‘assumed to be‘ acting at the botto fn;"er of the faeam..'-"-'-
which means the’ distance y shown in ,‘Fg'ure 2-1 is assumed to
be zero. To determine the value of Pj:. the moment at sup-

port A should be taKken, see ,ingure 2-2.

. EMp, = 0.0 ’
-r’l . Py cos® (h + H) - Py H °
i.e Py = Fj cos® [ (h/H) + 1 ) Lo (2. 1)
~ Assuming, ’ -
ie h/H = 0.1 (2. 2)

By substituting in ecfuation (2. 1):

Pi = Fqy cos® (0.1 + 1)
*" Py = 1.1 Fj cose =
i,e- Py & Fj cose , . 2. 3)
‘The assumption in equation (a.a)/ 1sla _pr:acticél assump-
' tion, however diffrent values for the ratio h/H may be used.
The value of the force P; in most cases will be slightly
ere_ater thap the horigontal' component of the tension force ",

F; cos® that is acting at‘ the ends of the cable

After determining ‘the xpilnimum value of P;, the stress
distribution on the cross-section of the beam at its midsx':an
will be calcuj'ated using the elastic theory.~ »

Tﬁe forces V; and P; that are acting on the horizontal
_l'nelmber of ‘'Figure 2-1 are already determined. The distribut-.
ign of the stf'esses on the cross section a‘x;ea"at midspan- of

the beam that are shown in Figure%2-3-c through 2-3-f are

ol X
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Vi -’ 2 Fisin e

4

(a)
T ~
" 3F 6F
i i
—Db. R cos8, —=cost —‘—1 cos 9
— e gl A —-— A b—
- + -

\\
20
p €
Fi cos 6
8r
i
—A—.cot -]
-y [
+

. .
., Yr . 3

Figure 2-3 Stresses in r;ectangul’ar beam

v

a) Preloading member

;/w o l_-.-i- .---,-3!__i - -»-6‘}:1 r~— -» 10€, ~=
—= cos 8§ —— 8 —=cos 8
Saddle | A A A Thoce®
(db) -, (e) ) (e) (£) -

b) Cross sectlon at midspan shows outside tendons

. c‘) Stress due to the compression force Pi

e) Stress due  to the vertié'a_l force Vi

d) Stress due to the eccentricity of the force  Pi

£f) The total, stijesses on the cross section at

midsp 7 o~ N
calculated ' as follows:
In Figure 2-3-c

oy z - Pj/A



@3 : 2 2FL cose

where" 7 o
f

- »

oy = The normal stress <
gy = -

o
In Figure 2-3-d

(Fi/A) cos&

Op = #+ My )71
whére

M1 -z the moment AQue to the eccentricity

: \

Mt :‘1n/af F ‘cose S
y = h/z-

- (>nd) /12
b : The width of the beam.

i'e ,o0p =23 kBFi/A) cos®
In Figure 2-3-e -

o3- = + (Hma y)/1
where ’ . ya

e -

Me

the moment at midspan due to Vj

< <
n
”

(Vi L) /7 4

.The span length

<
-
1]

=
Y
T

[(Fy L)/2) sin®"

o3 = + 3bLhF siné

Multiply the right term of the' above 'equation Dby

o3 =+ 3bLhF tane cosé

where <

| - 2h .-
tane = —

I+

A = The cf%ig section area of the beam

X
’j’

21 ()
.
» .
"o
5]
Of‘Pi -
bl
9 ’ T
‘Q -
O .
3
cosé
co8o
By
) -
f. .
/‘-\ N
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’ .
The total stress distribution on the cross section

[

area shown in Figure 2-3-f is-calculated as follows:

g = - 04 &+ 0 + O3

The initial 'stress on the cross section area. at midspan

-

of ;the beam, Figure 2-3-f, will oppose the Dexpected stress
due to the appliéation .of the service -load.

The concept of creating initial s;g.réss to oppose the
stress resulting from thé application of the 'service load is
the basic concept of the prez;'tressing technique. Since thé

pr-e'load;ng techni&ue, as with the:px‘estressing’ technique, is

. - . - 22

V4 . ) . p
based upon this basic concept, it 1is important to compare-

these two techniques. In the fbllowing section, this compa-

rison will takKe place.

)
|4

L]

2.2 The Preloading ;l'echnique Versus the Prestressing (}“”,
Technique
‘\

In this section, two frames will be compared, 6ne of

them wi’l be preloaded, the other will be pres:tr'essed. _Both .

these rrames will be subjected to' the same concentrated load

Q. '

The two frames have exactly the sam;e dimensions and the
cables used by both‘?re of the same length and have the same
cross section area. T5'I'he cable profiles are similar,

In the preloaded frame, there is a’fs‘_}gnificant increm-
ent AF in the force acting in the cablé that will take

Place .after ihe application of the service load, due to: the

~



\

\

_f1"h (F - AF) cos® = 102 h Py + 05 h.F

- 23
_mechanism of the structure. However, in the prestressed

frame, the increase in the force acting in the cable due to

t«
N3

the applicat:ton of the service load is negligible.

To obtain similar and final forces in the cables of

<

both systems, equal to F , after the épplications of the

service loads. The cable of the preloaded frame will be

jJacked to a pretensioning, force equal to (F - AF) The

“ final force .in the cable in. thig case, after the application

, of the service load, will be: B ‘

/\ - (F - AF) ¥ AF F

In the prestressed frame, the cable wn'l‘-be pretension-

ec_i to a <force F. The;'-efore. the _fon]y diffgrence will £>e
with the pretensioning force in the cable of each frame.

The comparison w;n‘l include the bepding moment diagram,

the nor;nal force diagram and the shearing force diagram(i6)

(18). N L

Case {#1 - Preloading .

To calculate the initial bending moment due to ‘the
pretensioning force. (F - AF), the column located at the
-right side in Fig.2-4 must bé analyz‘ed. (before the applica-
tion of the service load). .

- When taking the moment at the location of the hinge "at
the bottom of the‘c\glumn, Figure 2-5, the following equat-
ions are obtained: .

o

- 8in®@ + h (F - AF) sine




~

A

ie. Py = (F - AF) (1.08 cos6 - 0.15 3ineée)
(F=24F) sing (Fear) sing
(F=37) . L4 1 27} )
—_— - g
(F=4Y) cos ® v et 1 {7 -2T)cosd
Pt M Py wl® .
| . il
I B
' |
1! ’ 1 i
\ ) = 1l0h
. ‘ i Lt =191 R
—uk'.- ® -'! )
2 € .
e I M v
L =20h R
h — T ~h

/

Figure 2.4 The cable under pretensioning force (F-AF) before applying

the . service load

——

. —

g

. (F-AF) sin 6°
¢ . P - ﬂ (F-AF) cos 6
' > Jo.2n + h ]
Vi I :
A(F-Al") sin 6 = -2 .
- I .
- H = 10h )

- . Figure 2-5 The forces acting on- the

—

+ . ,
t . -47I’ 9'2 a 'LBH ‘ -..'.".‘ y
o h ) L - .
. ) 2 h . ‘»\

right 'nﬁde column

24
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from Figure 2-4 . .

tano = h/tth = 1/11 . . /
© = 5.194:
sin® = 0. 091 | e
cos® = 0. 996 - ,
Py = 1.062 (F - AF)" ’ P '

Vl = 2 (F -AF) siné
Vi = 0.182 (F - AF)

By determining the values of P; and Vj, the init

. 1.184h(F=-AF) r 0.319h (F=4F)
. " 0086 ‘ J' X
| “ i \ .t~ 0.797h(F-AF)
H=10h . 0
v . i ?‘
‘'t w19 h

Q
Figure 2.6 The !.H.D*; before the application of the service
load .

!

Due to the ;pplicatibn of .th; concentrated load Q at
midspan, the pretensioning force F . AF) will be inc-.
reased. " Also, by increasing the value" of Q, the vamg of
thnis increment will be greater. ‘

Assuming the preloaded frame is now sudjected .to a’

1
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concentrated load, G. as shown in Figure 2- 7, and the value<
of Q@ 1s mcreasmc from 2zero to F. .When the value of ‘Q
reaches F, the value of the pretensionihg forcé in the cable

(F - ‘AF) will increase to become F, The cprresponding

&
-~

- increase in the bending moment due to the increase of Q f{s

shown 1in the bending moment dlacram: in Figure 2-8. .
:T'he bending moment of the columns in PRigure 2-8 1-3

calculated with the assumption that al .the vertical <orces

‘acting on thﬁse columns aré located at the center l&me of

.. the columns. - ' ,

° R :' 4 }
! C ¢ ! ’ .
: ‘ L) . t = 10h “
; ! )
v 1O ¢
* 'h‘z v hl2 '
R ¢ = 19 ey 3
a ~ L = 20n RO ,

o

L4

Figure '2-7 . Preloaded frame subjected to concentrated load

kl

3 .
- )
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B.M. (Q=0.5F) B B,4.(Q=0) °

3.M.(Q=F) 1.184h(F=-3F)

a B @03
FTT T T " 0.333 uF

. 0.797 bF 0.797 bF M
- [}
o [/

. BML(@0) '
B.M. (Q=F) B-10h
3.552 bF |
L1 o )
. j - B \
Figure 2<8 The B.M.D. after the ‘application of the service
load Q
° Note:’ Q changes from zero to F

&

- Q
Consequently, the bending moment due to the eccentrici-

ties of these forces will be zero.. A special’ joint will Dbe
used 'td connect the horizontal tmembeé* to the columns (Chap-
ter 5 Sedtion 5.2), therefore the, vertical forces Will _

located very close to the center line of eac/h column Hence,
the resulting bending moment due to the eccentricities of‘

these vertical* forces can Dbe neglected. ‘ Co

, ~ . -
- . BRI 1.11F 0.091F
- ' \ ‘ ] \\ “ . ‘ N (
 0.5F g | ' ‘ . 0.5F ‘$h
. ] (D = ' . ’
" ' | .
- | = 10h
= - \ ] % y
P £ = 19h -
N € '
Figure 2.9 .The N.F.D. (When Q = F) o
' ' s

' . . .
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' and
0.996F . 0.996F

é&‘°9f .

] - 115
] M
, 0.499F
4 Iq k
S 0.114F

™ r -/

I

Figur€ 2.10 The S.F.D." (When Q = F)
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0.114F |

when Q = F, the cvrresponding normal 'force diagram and

!/

’

E ti;e shearing force-&;acra’m are as shown. in Figure 2-9 and

. Figure 2-10, respectively:
. \
Case #2 -  Prestressing
e

-

Q
r-“. - J’

"

B rrrrrrrrrere
, =

L = 204

N % .
. r }
. -
L h
?.l
|
11
]
L
1 : i = 10h
]
]
.. : P
]
Plles ]
h‘ -

]

ocd

Figure 2-11 Prestressed frame

A}
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l;-‘or the pres}tressed frame shown in Figure. 2-11, the
bending moment\d‘l:{‘aram due to the pretensioning force F in
the tendon 1is given in Figure 2-12, !
t*he moment distribution méthod has been ‘employed to'

drive that bendihc moment (the complete analysis of the

bending moment diagram showrkm Figure 2-12 1is given in

Appendix A).

T

0.404 hF Y 0.054 hF

0.552 nF

0.552 hF

H=10.5h

R, = 0.005 F gl

£=21h v ’

Figure 2-12 The B.M.D. due to prestressing only ~

( see appendix A )

The value of the bretensioning force F 18 independent
of the concentrated load Q (when G changes from zero to F,

the:rvalue of the pretensioning force F remains constant).

Consequently, due to the application of the external force Q

to the midspan of -the frame, two sets of moments will appear

on that frame. The first is due to the pretensioning force

F (Fig. 2-12) and the second is due to the external load Q
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(Fig. 2-13). The £inal bending moment on the frame will

result from superpositioning the two sets of moments as

.

L4

. shown in Figure 2-14.

“ B=10.5h
\ ’ 3.281 bF 4
te2ih ’ )
Figure 2-13 The B.M.D. due to Q only
4
Note: " Q changes from zero to F
[} L}
~ +
1.417 hP 1.417 hr
1.915 hF h 1.915 nr
5
- -
v R 4 10.5h
. 2.877 ur
- ——— s e e e T T T T '_;"—
tealh L
‘ h

Figure 2-14 The final B.M.D.(when Q = F)

- . ¥
+ {:‘ hd

3 . "‘{
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The normal force diag}am aqd the shearing force diagram

¢ ~ . [ o e,
are shown in Figure 2-15 ahnd Figure 213$;.§eapect1velyvﬁ

.

By comparing the bending

e 2-16 The final S.F.D. (wvhen Q = F)

. 1.179 F ¢ K
ﬂ ",.?y | |
!
i ot P -
.
! ; g1
' < | ne=10.51
4 \ . T
= =RER; |
- g =nh
Figure 2-15 The final N.F.D. (vhen Q = F)
T
0.41 F 0.41 F
I - m 0.183 F
=] ! -
e 0.41 F
\ , ' H = 10.5h
"\‘\ \ L‘& i v
\\ " ‘
H 0.183-F : E 0.183F !
g =21h
Figur

-

moment diagram for' the pre-

loaded frame and the prestressed frame in Figures 2-8 and

2-14 respectively, we can conclude thatx in the preloadeéed

{

Bk, .
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frame, the horizoﬂtal member ;cts as partially fixed to the
cofumns. tﬁus the &%lue of the bending moment' at midspan 1is
greater than the vélue of bending moment at the midspan of
the prestressed frame, However, at the ends of the hori-

-zontal msmber and the columns of the preloaded frame, the

bending moment is much less than the bending moment located
at the same sections in the prestressed frame.

The overalﬁ&,bending moment area on the'prestressed
frame (Fig.a-td) is greater than the overall bending moment

area on the preloaded frame (Fig.2-8).

'
[

The normal force éiagrams, in Figures 2-9 and 2-15, for
preloading and prestressing are afmost t§§/ same. In the
shearing force diagrams in Figures 2-10 aﬁé 2-i§: the shear-
ing force of the horizontal member of the preloaded frame 1is
almost- the same as that of the horizontal member of the
prestressed frame. However, on the columns of the preloaded
frame, the shearing force 1i1s almost half that of the verti-
cal member;dof the prestressed frame.

The overall shearing force area on the preloaded

frame is less than the overall ' shearing force area on Q::

prestressed frame. . : .<

’r

o B
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' CHAPTER 3

Wy

DESIGN OF SECTIONS

[ ~

34 Behavior of the Structure Under Initial and Final

“ gtregdses

\

< v

-]

“ The behavior of the structure ‘due to the sequence of
\

changing stresses is shown in Figures 3-4, 3-2 and 3-3,

Obviously, before the ‘application of the pretensioning .

force F and the service load @, the stresses' in all the

sections of the structure are zero (assuming the stiructure

~

is weightless), Therefore, there are no deformations alt any
\

section shown in Figure 3-i. C e
After the application c;f the initial pretensioning Fy,
the horizontal mengber will deflect upward with the maximum

rmation of the structure will

)

value 4t midspan and the defo

be as shom& in Figure 3-2. '
In the final, stage the structure will be subjected to

an external concentrated load Q at midspan acting simultane-:

ously with the final value of the tensioning force F in +the

cable. The horizontal member will deflect downward at mids-

- pan and upward near the en_ds. as shown in Figure 3-3,

o
~

32 Analysis of the Horizontal Member

.The initial bending moment which is due to initial

pretensioning force Fj;, consists of two parts: M{ due to the

(4%
t‘

03,
{'\'.J



Figure 3-1 The pretensioning force is zero
- (assume the beam is weightless)

F=TFy | '  F=F

0 i . ) { f
- : C4 1
@ . Figure 3-2 The initial+force in tH% cable is

S the pretensioning force F
~o

¢ .
0 . Figure 3-3 After the application of the service
\ - load, the final force Frinsl will. )
act on the ‘cable’ nat o

35
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eccentricity of the initial horizontal compression force Pj

and M2 due to the initial vertical force V;, see Figure 3-4.

Fi\
.

-

o

N

. Figure 34 Initial B.M.D. on the horizontal member

the two columns and not in any way attached to the columns
by u;eans of cables, it will behave as a simply supported
be‘am. Thus, due to the application of the concentrated load
| Q oh this simply supported member, the bending momgnt Hq
will be as shown in Figure 3-5 (assuming the beam is weight-
less, however in practice Mg should include the bending mom-
ent- due to "the dead load 6% the beam as in example no. {)
However, in reali‘tf the addition of the external load Q °
ym increase the (1n1t1al pretensioning force Fj which 1nl
turn will become the final tensioning force F that is acting
in the cable. COnaeduently. the initial values of P; and V4

» Will increase to reach’the final values P and V



M g
¥
,‘ Figure 3-5 The B.M,D. due to Q on simply
g _supported beam

31’
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respectively.

g

Due to the increasing of P; and V4, the 1initial Dbending

" "moment M; will increase also to become M, see Figure 3-6.

The bending moment M, due to the final valiues of P and V
w'nl act simultaneously with the bending moment.Hg . The
bending moment produced by @ and the final values of P and Vv
are represented in F;gur; 3-6. ' i

By usin'g the principle of superposi‘tion,‘ the final ben- &

ding moment H(f at midspan of the horizontal member will be

as follows, see Figure 3-7 Dbelow.

Dl

Fisurc 3-7 The finasl bending moment on the ]
~ horizontal member ‘ P

)

By comparing Figure 3-7 and Figure 3-4, we can conclude
that it will be desirable for economié purposes 1f:—_
My = Mg (3.1)
If HR* > My and the service load Q 1is absent, the ‘horiz-
ontal member will be heavily reinforced at the top fibers at
midspan to resist the initial bending moment M.
Also 1L f ilf > Mj , the beam i3 not fully preloadeq,

‘ *
which will require heavily reinforcing in the bottom ﬂbe_rs



.
.

of the cross sectit;n at midspan.

But if My = Mg , the men‘xbeg,‘,at midspan will require
equal relnfqrcement at the top and bottom f£ibers, which 1is
very desirable since the member is subjected _to 5 compreasi
'1on force acting ecc;ntricany'at both ends, also subjected

to a bending moments at midspan and near the ends. Thére-

tfore. this member behaves as eccentricity loaded column.

[

As hés been menuoned'above. due to the apbiicauon of

@, the value of the bending moment M; will increase to Dbec-

~
>

ome M, see Figure 3-6. For small angle 6, t‘ms increment
varies between 304 to 40% of My, as will be seen  later 1in
Example HNo. {. ’ Supposing this_—xncrem_e'nt is 3%/ ?f My, the
following will - be r0bta1ned. ) _ .
| M s 135N - (3. 2)
Using Figures 3-6 and 3-7, the fﬁul bengn; moment H)f
at midspan will be as follows: | -
\ ufz‘nq-_u ) (3. 3)
Using Equations (3.1), (3.2) and‘(3. 3;:
Hy = Mg - 1.35 My
Therefore, | ‘ . o I
/' ) Hq s 2.35 M;
e, \‘ ‘Mg = 0.43 Mg (3. 4)
Where Mg is [krfown because Q is given, M, can be estima-
tea from iguat ‘;;/(3.4). From the value of the initial
' ~—
bending moment M;, the ~value of the effective pretensioning

force ‘Fi-'can be established. Thefefore, the values of the

e

39
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mxhu vertical component .‘kvl and the horizontal compression
P; will be Known, hence all the initial forces acting on the
structure’ are established.

For design purposes, the cross-section of the horizon-

tal member at mldspan will be initially subjected to the

L]

bending moment M; and the compression force P;. However,
af@cr applying L“the ‘concentrated load @, this cross-section
will be a\ib,\)ec{ed" to the final DBending moment Mg and the
final compression . fo\rce P. ‘As mentioned in gq{uluon (3.1),

M; and H;vare equal in, value but ,opposité in direction. It

is also recognized that P > P,.

~

"The use of the interaction dtagram to design the cross
section will be most useful. The values of 2:11. Py, Mg and P
R . o - .

are located in ‘the diagram shown in Figure 3-8.

i,
v

[y

- P-’--"-----—-—

P --q-.l-&-ﬁ-—-“’

Firure 3-8 The 1nferact ion diagram -

lfung figure 3-8, the cross section of the horizontal

1 . . ’
v ' ‘

~

-
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member at midspan can be designed as a beam-éolumn in tens-
’ Al
ion controls region using the value of P; and M;. When the

exact values of P and Mg are Known, this cross-section can

Ly

be checked for the last two values in compression controls

»

region. B . .

33 e Increment in the etensioning - Force Fi
The deflection of the horizonial member will ‘be consi-
dered to- define the increment in the pretensioning force F;,

when "applying the service load.

.‘ .l ( S . -

R
o v

(2) o . 1 . ' ' ‘
> -
P, — ~\\' ‘ I ——— 33 ,
. Yy T

M .-

I
Figure 3-9 (a') The behaviour of the horizontal member due
. to the action of l-“ x ‘

(b) The correspondin'g elastic line
A\

) The deflection of the horizontal member due to F; will

pe as shown in Figure 3-9, however after applying the




» v

'

external load G, the values of P; and V; ‘will increase by
the values of AP and AV \F!x'p'ectively. as shown in
Fu‘ure' 310.

In comparing Figure 3-i0 and Figure p3c-9. we can concl-

udé that: the deflection oi-' the membep at midspan will ‘equal

. the "deﬂe?n'of the 9ab1e at midspan. The value of the

changing n the deflection between the init:ial and final

Ty

cases is 4, see Figure 3-10. The change in deflection

of the member ) will be due to AP, AV and Q@ which can
’ . ) A )
be represented by the following equation. -

8q:Q - y.AV - &p. AP = 4.1 K (3.5)

where: - .

4q - the deflection at-midspan due to unit value of Q.
6,', : the,deflegtion at midspan due to unit value of AV.

- ab : the deflection at midspan due to unit value of A!i.
4 z the\ total de_flection at midspan.

. . . N
M L]
-

Figure 3-10 (a) The behaviour of the horizonﬁ“ﬁo‘cr due to™

the action of the final forces

1

\) ‘ 42
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S
'3
. £53 Ql
AP P4 = 8 T - Py AP
\ I .
. vi - .
(b) : T
. aY N
. . .
(b) The corresponding elastic line
h ]
" At midspan, the deflectioq\bf_thg cable will be also

Nand this deflection is due to AV- only. From
r

equation (1.3) ¢he deflection & of the cabfe will be as
follows: - ~ . "
AV . Cq = ¢ (3. 6)

By considering equations (3.5) _ anda (3.6), the deflec--~

tion‘s egt\iation can be written as follpws:'

90 @ - éy.AV - 6p.6P = AV.Cq (3.7)
Since -
AV = £(AF) * .o ’ ‘
.o ] ......................... (3. 8)
AP = f£(AF, Q)

/
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AV and AP can be substituted by AF and Q in
equation (3.7), vhere AF 1s the increment of the force
acting in the cable. As it can .be seen, the value of AF
will be the only unknown in that equation. By solving equa-
tion (3.7), the va.lue of AF.yf11 be Known. Substituting

in equation (3.8), the values of AV. and AP will also

be Known.
The 1088 in the force acting?in the cable, due to the

increment AF, will be discussed in the next section.‘
Upon Knowing the loss in t.'he increment AF, the ne;. val-

ues of AV aﬁd AP can be \cailculated. and all the
final,forces acting on the member are Known. The values of

P, V and F are as follows:

F = AF + F . ' -
. wd B

P .: AP + Pi ....................... (3. 9)

VvV = AV + Vi

where:

AF, AP and AV are the increments after the

application of the service load Q.

By Knowing the final vaiues P and V, the exact value of

-the {inal bending moment My can be estimated. Therefore,

the cross section of the member at midspan can be checked
for the values My and P, as shown in the interaction diagram
(Figure 3-8).

3-4. Loss Of Preload

The loss in this system will be calculated in two

- '
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stages: . < '

N

1, The initial loss due to Fy ~ ‘
2. The increment of the loss due to the increment
of the tensioning force by AF

For a concrete member and: steel cables, it 1is difficult

to generalize the amount of losses, because they depend upon
various fad'{o'rs such as : the properties of conc;ete and
steel, curing and moisture conditions, magnitude and time of
application the initial pretensioning force to magnitude and‘_
time of application the external loads and the process of
tensioning the /cables.

If we consider the horizontal member, these losses will
bg due to elastic shortening(26), creep and shrinl\(age of
concrete. © For the cab;es, the loss will be due to relaxa-
tion (2X9). when consigering the : columns, their deflection‘
must be taken into account. Sin}ce the iosses due tof creep, “
s@rin}case and relaxation are tlm;s dependent. They should Dbe
calculated once, based on the//"’:final value of the te.nsio’n
force F that act on the cablej:-

After appl’yine the initial pretensioning force £FE;,
losses due to shortening of the beam and deflection of the
columns will' take place. However, after the application of
the external load there will be increments in the shortening
and 1n'the deflection. These increments will produce incre-

ases in the losses which must be taken into account.

I1f we have more than one tendon and the tendons are
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stressed in succession, then the initial stretching is grad-
ually applied. The shortertmg ~o:f the beam .and the deflect-
ion of Jthe columns will increase as each cable is tightened
and the loss of the stretching force due to the shortening
ahd the deflection differ in the tendons. The tendon that

’13 first tensioned would suffer the maximum amount of loss
due to the sho;'tening and the deflectic;n by the subsequent
‘application of tensioning frsm all the other tendons. The
tendon that is tensioned last will not suffer any loss,
since all s;horteping and deflection will have already taken
Place when the stretching force has 'been measured.

The loss due to the deflection of the columns will be
as shown in Figure 3-i{. &

Tﬁe deflection of tné columns shown 1in Figure 3-11 will
occur due to Fi and this deflecu;m will increase due to
AF. '

If there is only a.single tendon in eécﬁ side of the
horizontal concrete member and these tendons‘af‘e stretched
simultaneously, the horizontal concrete member ;rl“in.‘shorten
and the columns will deflect during the time (".if Jacking.
Since the force in the cable is méasured after the elastic
shortening of the horizontal member and after the deflection
) of. tfze.COIumns have taken place, no loss in thé tensioning

" force due to these shortening and'deflection need be accoun;

‘ted for.
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rd

(a) . (b)

Figure 3-11 (a) The deflection of the columns - o

]

(b) The elastic -line of the right
side column showing the deflection
6 at the top of the column

f
I4

If. the cables are pretensioned in succession, {t is‘
difficult to calculate the exact value of any losses ‘which
may occur. However, for all practical: purpo’ses. tfxe loss
for the cable which is first to be prestressed can be‘ deter-
mined. The average loss of aur_the cables can be obtained
by using half of the value of the loss for the first cable.

After applying the external load, the loss will incre-
ase due to the increase of the shortening and\ the deflecti-
on. The value of the 1loss: will differ fpr each cable, depe-
nding upon the value of the initial stretc_:hing’ force. The
. total initial ‘stretching force can be divided by the number
of cables to get the average initial force in each cable.

The loss will 1ncrga§e due to AF, this increment in

the loss has to be added to the loss due to the initial

stretching to get the final loss due to the total shBrteninc

M}
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y \‘and the total deflection.

(4 .

The rest of the losses due to ¢reep and shrinkage of

concrete and the relaxatiox_i of the steel ca\n be calculated
, as for the post-tensioning method.
L

EXAMPLE HO. 1

Determine the pretensioning force F;, the initial hori-
zontal compression force P; and the initial vertical react-
ion V; at the saddle for the structure sho&m in F1g.3-12,
-before the application of the service load Q.‘ Check, i.:f the
cross-section A-A (Fig.B-iE) can carry My and Py ‘or not. Th-

en, determine the ,final values of F, P and V after the N
A 3

application of the service load Q 100 Kips. Check ‘again,

. if .the cross-section A-A at midspan can carry the final

values of the bending moment M and the compression force P.

Q = 100 kips
—-q'b-—a At | -H'L | L
|4V

-| : -IO? ) v
L e 2
- -"6"'- T )

Figure 3-12(a) Preloaded frame I

s
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=2x 1,27 » 2.5 1n2

. (]
S e
8".
| ——
-
4
) 2.5"
1200 )
' 2810
o~
v 2.5"‘ .
| ro
Figure 3712(b) Crosizscctio; A-A
g »
GIVEN DATA

% 1 = £ = 5000 .1b ,

2 - Using 4 ;endQns(iQ). Uncoated Seven. Wire Stress

fy = 50,000 1b

U Relieved Strand ASTM A-416 grad 250 with diameter

of 0.5 ip.

4 x Ol 1“'4 =

and total strength of 4 X 30.6 = 122.4 Kips at

extension 17

each, total cross- section area

0. 576 int.

! —

@

L]
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3 - Design using ACI code(23)(24), the example 1s free

/

-, ‘from any overload factors or any capacity reduction

factors specified by the code.

\'E

4 - The pretensioning force Fy and the final tensioning

force F that,acting in the cable are the effectlvg

values after deducting all the losses.




Solution

The own weight of the beam 12300 = 0.097 Kip/ft
The bendinl moment due to elght of the beam is
. ” : 0.097 X ‘g’ = 1,208 Kip-£t.

’ The bending moment due to Q = 100 X ‘1*0. = 250 Kip-ft.

The moment at midspan Mg = 250 + 1.288 : 251.208 Kip-ft.
From equation (‘3’.‘%)
M; s O.43 Mg
M; s 0.43 X 251.208 : 108. 02 Kip-£t.
From Figl(a;u) and Fig. (3-12)
My = (Py X o) o+ (XL,

3.5 Py« 30V — - (3. 10)

From Fig. (3-12) *»

15 ‘
tane : —= = 0.192 |
© - 10.886' . : B p

sine = 0. 189
coqe = 0.982

Determining F; P; and V;
Taking the moment about the hinge of all the forces

that are acting on theﬁ coluinn shown in F1g.(3-13).

LM:=00

M: P; (2.5 + 60) ‘+ Fi\sine (6) + Fy sino (12)
o s - Fjcose (12 +60) : 0.0

-

f.6 Py = 1.077 Fy o (3. 11)



1 F, cos 8§

. P i

60"

. Figure 3-13 The forces acting on the riqht side
column o

From Fig. (3-12)

Vi = 2 F; 8in® = 0. 378— Fy ’
si : é:g;%—gt- :.2.849. . -, o N

Py = 2.849 Vy ' * (3. 12)
Substituting from equation (3. 12) into equation (3.10)

My = 9.972 V; + 30 V; = 108.02 X 12 Kkip-in. .

= 39.972'Vy = 1296. 24 Kip-in.
Vg = 32. 429 kips L (3.13)
) Substituting from equation (3.13) into equation (3.12)
- ' Py = 2.847 X 32.429 = 92.389 Kips (3. 14)
Substituting frgm ;quatlon (3. 14) into equation (3.11)
Fy = 92 389/1.077 = 85.7684 Kips . ~ (3. 15)
Toe -




Checking the Cross Section at Nidspan

The cross sect.l'on A-A‘ F1g.(3-12) 1s subjected to init-
ial béndina momen‘t M;=108.02 Kip-ft. and initial con;pression
force Py = 92.389 Kip-ft.

T : Ag fy ° 254 X 50 = 127 Kips
Cg = A3 (fy - O.B‘Sfe ) =
2 '2.54— [ 50 -7 (085 X 5) ] = 116.205 Kips
Cc = 0485 £& B x Db = (0.85) (5) (0.8) (x) (8)
: 27.2(x) ' L%
From Fig.(3-14)

p1=Cc+Cs-T'V

Rt

92.389 : (27.2 x) + 116.205 - . 127

i.e, x . 3.;194 in.

t

a =B x = 08 X 3794 = 3.035 1in.

Cc = 272 x = 272 X 3.794 = 103.484 Kips

. . 5
Taking the moment about the __g!enter' line of the cross

¥

A
b - a"‘
P ————
' 4 ) 4 2.5 --d . 9
T« — | ¢ 27 " T
1‘.- - fer o * "/- - - o -—nlas - - e . ».12" - h
- -g:————:/ 6" ‘ I 'n |' | r

, . 2.37=d i 4

R

'
|
'
L]
]
| i
l ‘Pi = 92,389 kips

-

L)

Figure 3-14 Amlylil’fm' the section

rd

T4
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section area shown in Fig.(3-14), to determine the bending-
. 3 .

_ moment ih{at'can be carried by that cross section,

P.e = Cg¢ (n/ao- a/2) + Cg (h/2 -~ 4*) + T (h/2 - dy)
= 103.184 ( 6 - 3.035/2 ) + 116.205 ( 6 -~ 2.5 ) .
+ 127 (6 - 2.5 ) =_.1313, 74 Kip-in
P.e = 109.479 Kip-ft.> My :108.02 Kip-ft:

- ;0 0Kk o

DeternunigF the F;gql Values of F, Pand V

Taking the moment at the hinge (Fig.3-15) for all the
f’inal forces that are acting on the ‘colu‘m. )

L M:="00 . -
. . >
(Py + AP)(2.5 + 60) + 18(F; + AF)sine
- (12 + 60)(F;y + AF)cose - (Q/2)12 = 0.0 ° '

‘Substituting by the values of F; and P; from Equation
(3.15) gnd'equauon (3.44) into the above equation, ’
AP := 1.077 AF + 9.578 (3. 16)

(Tit’s?) fin 8 N -

- (F +4F) cos 0.

14

R 7




§ - - : ;
7/ Pl ' ‘. ’ S - . . 4 s

54

From Equation (3.9),
|
v o Vg ¢ AV : 2 (Fy +AF) s1ne

Substituting by the values of F'l and Vr from Equauons

3. tsfand (3.43) into the above equau.on. . . P
4V : 0.378 AF (3.4
1 /\ .
From equAtion (3.8) e -
’ » ' . .

- dq Q- - dy.aV - dp AP - Ca :
‘l'he values of the term contributing in the above M

a
tfon are as follow : \ . /
Ca :+ — 0:8S S Voo -
d ° T27Aca Be 3iF O
“ Vhere . ) , :
[ - ' , (’ ‘.
. B ‘ ) ) '

N Eo’ s ) * { .
. . {r 39! -
. ) 1 12 o E o /

*»

f v . L 3 .
: ™
Ee 4 Equivalent modulus of elasticity for fable having sag

E' : modulms of elasticity for the.sgteel of the cable
: s e

E :27,6500, 000 psi

]

A * #pecific weight of the cable : 0.49 lb/ft for each

tendon <. ‘ n e -

s,, : the horlzontu projection of the cable z 13'5 ft..
o . = Ton:uc nrcts m the cable x. 100/ form its total

- strength ~ = 30.6 X 1.00 t 30. 6 kips
. . -, ‘ ’ - /
R 1 i 27500000 : 27499903.76 psi

3
4 —(0.49 X 13.8)€
-V ¢ I3FX (306003~ 187800000,

6._’5 8 : 78.429 in. _ 3 ‘
( -\ \ . ) .

78. 429 .
(‘* * 2 x oi"c X 4 9908. 73 X (o““,, = 0. oooo'roxeo in.

f N >
. & .
, - | \ ’
" - . N ‘
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The’ modulus of elaaticity for the concrete is défiii"'t'e_d.
as: Eg ': s'rooo ( £& )% ‘ - /
e 57000 000 )" = 4030508. 653 psi /
. . me'moment\‘/o‘: inertia of the cross section Qf the beam
1s : : ' “ ' ' ’
" _- . , ’ ‘
Tor s ”123 . 8 x1é12)3 : 1152 in
l.e. Eg I : 4643145968 : 0. 464 X 101
’ . .-The downward deflection.of the beam, —due to Q, 18 : -,-
| . 3q @ - ..QBLZC 7~ 100,000 - "iéai’; weE ¥ 1on—
¢ . ‘ < . - .
: 6. 7759 in. : . —
\\ \ 'I'hﬁe upward de'flectj.o‘n 'of the beam, due to AV;is %
N .
PRI EP R IY £ S
’ L ‘ B
: 0.-000002932 AF in. T
- o " The upward deflection of the beam, ;lue 1'.9/3?'; 1sﬁ 1
. /oL,
! - 4p 8P M3 gc T— 4P . S -’
4 "+ 4p AP = 6{'326":)“ ( 1.077 AF + 9587 ) -
L : 0.000001462 AF + 0.013047 ‘
L y o The dc;vnward deflection of the cah , due to AV, is :
- Cg AV : O. 00002653 AF ' .
| Substituting by the v‘alues of the’ ab;gv; equations m{o "
o - ’ quatidn (3.7). . (’ . .
“ | . 4 77%9 - 0.000002932 AF ’ - 0.000001462 AF )
‘ - 0.013017 - 0.000026531 AF : 0.0 :
f.e AF ::24668.812 1D | Y,
: . , ) \a ) r Sl

o s

]
oAl




AF = 24. 669 Kips ) - ‘
Substl.tutlng from the above equation lnto equation
(3. 16)

AP 36155.34{ 1Db

L4

36. 155 Kips Lo ‘

-

Substituting from the above equation into- equation
(3. 17) : - ~ b
9324. 811. 1b

9,325 Kips- P

AV

~

The final values:-of F, P and V ‘are

e

a_.n
”

Fy ¢+ AF = 85.784 + 24.0669 : 110. 453 Kips
P: Pj+ AP : 92.389 + 36.115 : 128..504 Kipj‘
Vs, v, + Av = 32. 429 + 9. 325 = 44. 754 Kips

'rne final bending moment Mgy on the midspan of the beam
' «
is : C - -

.o e

Hf s Hq - Hp - Hv
- where

Mp = The bending ,t’ment due to P
My = The bending moment due-to V

10

3.5
4

12 ) - (41.754 X

Mg = 251.208 - (128.504 X ) =.

109. 343 Kkip-ft. .
Checking the cross section at midspan / 14

.

The cross section at midspan is subjected to a final '

pending moment My and final compression force P have the
. \] [

: (]
following values :

Mg = 109. 343, Kip-ft.

[

~
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P : 128.504 Kips

T .
Cs § A3 (fy - 0.85 £3) ,
: 2.64°[ 50 - (0.85 X 5) ) = 116.205 Nipe \ﬁ

Cc = 0.85 £2 B x b = (0.85) (5) (0.8) (x) (8)

As £3 = 2.54 X 50 = 127 Kips

= 27.2 X
’ L - P = 128.504 kips
R , 8"
a2y [t are2.5" 1 | 4
*C‘ v . 6" I R . ]
T 4 6"
- -
"
Figure 3-16 'Analysis for the section
~ N
. : \‘ )

<

From Fig. 3-16
p'-'-Cc’Cs"T \

128. S04

(27.2 x) + 116,205 - 127

1.e. x 5. 121 1in.

[y

a:pBpx-:08XS5.121 = 4, Q97 1in.
Cc = 27.2 x = (27.2) (5.128) = 139.299 Kips
Taking the bending moment about the cpnter 1ine

s

‘er”
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cross section (Fig.3-16), to deiermine the ben%ling moment

that can be carried by this cross section. S T

P.e : Cc (h/2 - a/2) + Cg (h/2 = 4g) + T (h/2 - dg)

-

-
-

.
+

~tar

4. 097

139.299 ( 6 - —

127 ( 6 - 2.5 ) =

) + 116.205 (6 - 2.5 )
1401. 656 Kip-in.
= 109.343 Kip-ft.

ol ‘.
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CHAPTER 4

]

UNIFORMLY DISTRIBUTED LOADS

4.1 Cable Response to a Point Load

Several papers have dealt with suspension cable probl-
ems and the response of cables to various types of applied
loading (1) (3) (6) (7) (10) (11) (22) (25). Since the nineteenth
century; it is realized that the response of a cable to
applied }oad is nonlinear: successive equal increments of
‘load were seen to caﬁse successive lqcrements in the corres-
ponding deflection, each smﬁller than the last. This non-
linear stiffening has been discussed by man} authors.

Irvine(11), in his treatment of the :H response of the
cable to the applied load, provided a nonlinear solution and
was then able to simplify it to. a linearized solution.

The nonlinear solution will be considered for a cable’s
response to uniformly distributed loads (see éection 4, 3).
The linearized solution is adopted here as follows. Consi-
der a point load R acting at distance Xy from the left hénd

support (Fig. 4-2). The vertical deflection W at any point X

is:
. R Xt .ot 1 mg - X .
\
For 0 < X < X4
. R X, _t1om o X ’
LA T [ Xq (1 1 ) > 7T R X (1 1 ) ) (4. 2)
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Figure 4-2 Cable response to a ﬁoint lo;d
Where ' -
t = . : 6 R T , xl ( { - ___.Lx . ) (4. 3)
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QA2,= ‘—‘,fz )
‘ (=2 )
Le = 1 [ 14 + 8 (a/1 ) ) i
where: .

The weight of the cable ‘per unit length.

]

&

T : The horizontal component of the cable tension

under its own weight. ; ’ “ -
t : The increment in the horizontal component T owing

to the point load R. o,
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‘R : Point load - ‘
1 = The distante between the two points, where the
cable is suspended
N [ )
W = The vertical deflection
Equation (4.3) can be simplified as follows:
i R T ‘ :
t = «a —————me 1 (4. 4)
where . o
«.= 2 e : )1(1 “a - '%L"
(1 + =)
At .
Substituting from Equation (4.4) into Equations-(4.1) and ~
(4. 2). ' i
DR DX - 3 _ X ~
LA T [ (1 1 ) Xl 3 X (1 1 ) ) (4-5)'
For 0 < X < X4
R X . (o ] - X
- o o - —— -
W= T [ Xy (4 ‘ 1) " 3 X (1 1)] (4. 6)
For Xy < X <1 N
Equations (4.5) and (4. 6) can be reduced to:
W:=RB L : - (4. 7)
l’ .
Where B is the de¥lection due to a unit point load
. e 11 - 3 . Xo )
B:— [ (1 5 Xo > Xo (1 =) )
For 0 < Xqo < X{
I S - Xo - o . . Xg ) - . -
Bz [ X (1= =8 7 Xo (1 - -78) ) -

8 2 e to Sev Point Lo

If more than one point load is acting on the cable .
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L
the total vertical deflection Wgo at distance Xgp can be deri-
ved using the previous principles for. a single * point load.
Consider two point loads Ry -and Rp (Fig.4-2) located at

distances X; and.Xp, respectively. The vertical deflection

Wo at distance Xp will be as follows:

Wo = Woi ¢ Vo2

" Figure 4-3 Cable response to several point loads

where:

Woi1:r Wo2 : the corresponding deflection due to Ry and Rp
respectively (the values of Wp; and Wgp could be
positive or . negative depending on the value and

! the location of each load and the location of
iy the measured deflection).
® The first subscript refers to the location of

the deflection; the second subscript designates .

the location qf the load. S/

3
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" Using Equation (4.7)
Vo1 = Ry Boy-
, °  wnere: Bgy is the deflection at location Xgp due to a
unit load acting at location Xj.
\ Bot - [ X4 (1--30) - Fx (1 -0

Forxl_&_xo_gl

also: .
6 X X
&y = . i (1 - —L)
12 1 1
=

Wo2" = Ra Poz
Where: Bpp is the deflection ‘at location Xgo due to a

unit load acting at location Xa.

Boz : —a— [ (1 - 22 x5 - $2 % 1 -5 !
For 0 < Xg < Xp
also:
o aa=“'f_£_).’l‘a (1 - 32" . )
. A
1f there are n point loads Ry, Rp, ... Rp the vertical

deflection Wo at any distance Xgo is:

n R
i=1 . .
(‘ L
§:3 - [+ [+) tr t

il

The nonlinear solution will be considered for this

S case. Consider a uniformly distributed load of intensity r

N S s
P e e



1)
per-unit length applied from X = X to X = X3 (Fig.4-4).

Figurc 4-4 Cable response to a distdibited load

.

The vertical deflection W of the cable at distance X

. 9 .
.18: . ’
. r : X X
W= T+ O ( X (X3 - Xp) - TEIL x5 - x%)
t 1 ' X
a3 U I (4.9)
"For 0 < X < Xp L
We Do rxgx - e ¥ - X ol
T Ty 73 2 2. . 2 1 3-- %2
t 1 mg - X
For X, ¢ X < X3 -
- r 1 - ' -— o
V: meo— Lz (X3-X2) (4 - 1) |
t 1 X ‘ .
- T o XU - ) (8. 11)

For X3 < X < 1
The values of t can be obtained from Tables 2 to 6.

‘taken from Irvine’s Dbook Cable Structyres, included 1in
-~ “
' {
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" Appendix B of this thesis. The valqss of t in the above-

mentioned table are confinea +to loads spread evenly  about

the midspan. Table 1 gives the values of t for a point

-

loaq R.

e

4.4 b ' t ever tops (Saddles

- ]

In order to carry a uniformly distributed load using
the preloading technique, the parabolic cab?e profile 1is
recommended.. wnen‘ the cables are placed. outside. thg beam,
there are two practicable methpds to connect them to the

span of the beam. The first is to rest the cable on “geveral

' saddles in view _of obtaining, as much as possible, the requ-

ired parabolig shape (Fig4-5). The second is to place the

cable ﬁx.slde a groove cut in the beam which has the exact

required parabolic profile (Fig.4-6)

Saddles Saddles

Cros s-;secfloﬁ A=A . .

Ficure 4-5 Cables resting on several saddles

b
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support ti?e cable,
tially by the force
the cable is

in the cable due to its own ‘v'eup}.
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Figure 4~6 Cable placed in groove inside the beam
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In this section,

daiscussed.

In -Figure 4-7,

'

(T/cosea)

+

F

three

where

¢

component of the cable force 1s~ (F 31nB) +

Coe e ..
mg 1s the self weight of the cable per unit length,

and s is the lengthh'of the cable.

The term-

-

saddles‘

(T/cosé)
A

Thus,

are

used

is the

A 4

- - \ ‘
tpe case of using sevgral saddles will
to .
Assuming the cable has Dbeen jacked 1imi-

F, the total initial tensioning force 1n

force

the vertical

(1/2 s mg)

o4

representy half the \otal weight of the cable.
: . A

a/

s mg

where

7’

The’ value! of

T represents the horizontal component ‘due to the weight of

ine cable and cfm be detergnined as

&

.

(F ¢+ T/cos® ) s1n® : F 3in6 + 1/2 s mg

T =

S mg
e tané

-

follows:

(8.

12)

It should be re‘cogn'ized th'at the horizontal member ’of

-

¥

.a) e

©
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| .' this system consists of the ‘cabl’e‘ and the beam. , For this
* L4
R \ ‘stage, the forces that are acting on the cable are analyzed
- W -« . ~ ¥ '

/ . .
and not the forces that are acting on the beam.

* -
[\f;‘n L . ‘ , . N

i

K

172 s nT ~ F sine

- F+(T/con)
/ o /rf' T+Feos?

b=
- .
.
i . iR ) Figure 4&=7 'ahe fqrccs -cting on \he cgble due to the
-, T, . f m:mu pretensionlng F . . g
» ’ . i 4 . a \
’ " e 3 C .- * . , . \J ; | \\
. : -, 'ro deterui» the verhcal reacuon at each saddle, the
4 ‘ .

N . -
oW ,tjclcuon ‘Re t‘»thc saddle lgcd at mxdspan must be analy-

N _i'bn £irse. ’rhp .\ume of thw\ reaction, as shown in Pigure

" . . N i -
v

o eeey s "2, (. Fe T/co80 ) "s"'{n) , whére ¢ 1is _the’
. R . ' : N
".‘ e .\ - 1nclgnatxom angle »of the cable vxth the homzont.u‘plnne at
% . miaspan. L ' A ' _t
‘ : ’ . 4 .
Do (T/cosd) = ~——m — F+ (T/comd)
T \ o ! " > oof ¢ *

I\"" : LN toL g ’ -

3

/ . ' "~i“

; , 7 Tisure 1--8 Thc value of the rc&tton l locucd
i N . at -“-pan ' . 2 N
(' g » v \\ . ~
L4 ‘ ". ) * ’ s |
y f » ) \ - [
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Bince we . are . concerned.

acting oh {_p/e:‘,cable ana considermc\ the fact that the system'

| o, 18 of ;course {n static equalibrium condition.

P

- v
. saddle a3t midspan mu:bbe acting on. the cable by the force

in thas case.

Thus,

v '
R2} This aforce is as gollows' /
. . . Rz = 2 F sin¢ - B (4.93)
: ¢ ,
As shown in Fig.(4-9) *° -\(
) »
L T » ~
¥
R2 =‘2 F sin:s 47
\. L
- ' - 1 » -
. * . ‘,
~ i . . —y
Figure 4-2 The redecion force acting on the c’ble at,
. ' .mid-span '
. . -« ¥ ’
~ ¢ N (4 LS -
‘( . oy T . -
! . Jis af - F osin 2 < l.2sag g sin?
[ ) hi .
Fe(T/colt) | ' = . oo Te(Ticon) ’
-l PONGE S5 Fgos?
P Fcos? )

»d e . ’ /' : - . ‘ . )

. ’ R . | N .

- Figore 10 The forces lchng on the cable due to the
, " K . - initial ’t.t.n.‘ﬂﬂin‘ "F" . s R )
. ; R «‘ ‘ . ’
' . , - \ . -
res /?\ " hd ‘) \‘ { . . \' . , v p ‘ .
N P ) - . 3 ‘,

with ythe force

the
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The saddle on the right and the saddle on the left side

(F1g.4-10) are symmetrica) and the two forces Ry and Ry

-«
’V’ ¥

acting on these saddles are equal as shown in Fig.(4-10).

-

. From equilibrium: )
‘ :

8 FY‘: 'o.o.
t.e. 2(1/2 s mg + F 5in@) : s.mg + .2 F siné + 2 Ry
. 2 F.s3in®@ : 2 F sin¢ + 2 Ri
Thus, v .
. ¢
Ry = F 3in® - K sin¢ )
" Ry = F (sin@ - sin¢) - : C (4. 14)

d

The in¢les © and ¢ are known as well as .F, thus the
, A3 R

value of Ry can be obtained from Equation (4.14).

. If many sadqles are used and placed on equal intervals,

all t’lhe reactionsq::the saddles can nbe considered equal.

-

The summation of ese reactions nR will be equal to

2 F 3in6, where n is the .number of the saddles.

* .
N -

1/2 s ue :; sin's ’ UZsng +7 sta¢

l | -
r+(T/cosd) .Y L \ 2N +(T/coe8 )
et = : ’ '-ft:rcd“

T+Fcon ¥ —v .

. =~ ) \
Figure 4-11 Th+ forces acting’ on She béam ind the columnd
© due to the initial prctonuoning force F and

- the weight of the cable

4 N -

»
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The vertical forces that are acting on the beam and the

columns, due to the action of the cable, will be the same

forces as those acting on the cable but in the opposite

‘direction, as shown in Flg.(l}-u).‘(compare with Fig.4-10). -

To ee't the initial horizontal force P, the right coiu-
mns at Figure 4-i1 vll be analyzed ; as shown in Figure
4-12. Assuming the two vertical forces (1/2 own) and
(1/é R2 + Ri) are 1in intimate contact with the side surf-

ace \of the columns where P is acting. Which means, there 1s

1pte¢ral joint, as will be determined in chapter 5. g
¥

o

1/2 s mg + F sin ¢

1/2 -ovm’
C

¥ T+ Fcosb ‘ .

\
1N

1 '_i.'y -3 . ‘, . ‘-

Figure 4-12 The forces acting on thc column P
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F+4F+ (T/com)
¢
T¢Fcod +4Fcosl cime

4

/
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By taKing the moments at the location of the .hinge,
where the vertical center line of the column 1nte;~sects with

horizontal line at the bottom of the column (Fig.4-12).

P(Y‘H)_*(;_ha*h) 4(asm¢+t-‘31ne)—g—— .

: (T ¢« F cos8) (h + H) =+ (20‘"\)3

‘Where

own = the own weight of the beam.

] h +H -~ 1 K 1 _ _Rp
‘P-(ToFcose)(——-—-—Y’H) + 2(y0H)(2°‘m 5
- Q‘ - f-a,ﬂ— - Fsino) (4. 15)

Assuming there is a uniformly distributed load acting

on the beam, as shown in F'ig,ure 4-13: 7

1/2s .mg+Fsind+aFsind

+AF+ (T/come )
r .ﬂ:oﬂ+2t 14t2

142 .mg+Faind+iFsind .

*7

Figure 4-13 Preloaded frame carrying a uniformly
\ distributed load. »

Because of the application of ih,e distributed load,; the

tensioning force F in the cable will increase by the amount
. . rd .

-
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AF, also the vertical re;ctidna on the saddles Ry, Rp
and Ry will increase Dby the amount ARy, ARz and
ARY resp/gcuvely. Due to these increments in the react-
ions ARy, . AR, and ARy that act on the saddles{

there will be increments in the horizontal components of the

.
-

cable’s force ' at the ends of the cable t4, t, and ty respec-
tively (as mentioned 1n ,Sections 4.1 aEnd 4.2)

The following equation refers to Figure 4-43,

AF cos6 = tp + 2 t4 ' . ' (4.16)
Also .

b

2 AF sin® : 2 ARy + ARp (4.17)

To get the fina® horizoptal compression force ( P +
AP ), we will take the moment at the hinge for the col-
umn located on the right side (Fig.4-14) as has been done
before.
L M: 00

(P + AP) (Y + H) + 'l 0.5(Rp + ARp) + Ry + AR(] K/2 +

PN

(12 smg + F sin® + AF sin@) K/2 = (T + F cos® +
AF co0s6) (h + H) + (1/2 @ L + 1/2 own) Ky2 \

Thus,

P+ AP : ((T + F cos® + AF cose) (—%—g—g—)} .

1 K i
5 ( Y + H ) [

{ own4—%—qL-'—;——Raf

' ——8Rz - Ry - BRy - (——s mg) =« F 3in@ -

oF sine)) Y, . (4.18)
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~
¢ 1/2 s.pg+Fsind+LFsind
1/2qLl+1/2cwm “
< T+Fcos8+AFcos8
P+AP t
ce ol h
1 ‘—TY X
1/2(Ry+AR2)+R 48R ' .
H
7’
»& A '

PO | .
o
’ . Rv I ¥

thurc 4-14 The forces acting on the column after the

P

Ra

ARy

and (4. 21).

application of the service load
£
Subtracting Equation (4.15) from Equation (4-18).

h + H 1 K 1

[{ (AF cos98) (j;—j-ﬁ—)] + [ 3 ( 7 + H ) | 5 qlL. -

—-ARp - ARy - AF 3in)] ' ' (4. 19)

Following the same way of Equation (4-13)

+ ARp 2 (F + AF) sin¢’

AR,

"

2 AF sine -  (4.,20)
From Equation (4. 14)

= AF ( siné - sine¢ ) (?.21)

Substituting into equation (4.19) f:bm eguations (4. 20)

»



AP : (AFcose)(—};‘-‘—:—g—) + [é(yfﬂ)(—é—ql..-

4

2 AF 31ine)) ‘ (4. 22)

Equation (4 22) can be rewritten as follows:

AP : AF (v -[) + m (4.23)
where - .
v = ( X; : : ) cos® A
n s 4oaqr w) (4. 24)
L = ( 7 T ) 8iné '_

In - Equation 4.23 and #.24 the coefficients , % and
‘{ are Kno\wn; the oniy unknown in this equation {is -
i . .

As has Dbeen maintained in Chapter 3 Section 3.3, the
change in the deflection, qt midspan, from the' initial cond-
‘1uon. before applying the service load, to the final condi-
tion, after applying th'; service l?ad. are due t6 q, AF,
AP, Aiz, and AR,. ?‘ -

The 'changes' of the deflection of the beam at the secti-.
"ons where the saddles are located must be equal to the chan-
ges of the deflection of the‘ cable at the corresponding -
locations (the locations of the saddles). o

In Figure 4-15, the changes 6f the deflection of 'the
beam ‘at Sections {-i, 2-2 and 3-3 will equ’al the changes of

the deflections of the cable at Sections i-i, 2-2 and 3-3
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respectively. .
) &
- 1/2s.mg+Fsimd+aFsind “1/20 .ngtTeicd 48T s10d
lﬂﬂwcnhcqu--‘ ‘|
. 1 ) 3 ] +3F+(T/comd )
' LY I S . . » .. ] 'L
f T+Fcost +iFcond = . l y G THFCOM +28 148
: . 11vgky gl Rk
» 1 z 1 -
4

. i} l-"iguref-.jls Preloaded frame under the final forces"

A

The change of the deflection of the beam at section {-{

will be as follows:

= 8q1-9 - dpy- AP - 3p)yy. ARy - dpnyp. ARp - |
dry3. ARy ‘ - _ (4. 25)

where .t ’

dq1 = The deflection of the beam at section 1-1 due

- ) to a unit distributed load..

dp1 :. The deflection of the beam at section i{-1 due
- to a unit horizontal eccentric axial lqoad acting at
- the ends of the beams. :
Spryy : The deflection of the beam at section -1 due ‘
to a unit reaction fx;om the saddle located. at
. section 1-1.. . .
! éri2 :=.The deflection of the beam at section 1-1 dudy t
‘ .

a unit reaction fro\m the saddle l‘ocated at  section "

2-2.
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Sri3 = The deflection of the beam at section §-{ due
to a unit ;eactlon from the saddle lotated at
/. sectlon‘3-3.
The changes of the deflection of the cable at section
1-1, Figure 1-15 will be as follows:
= ARy. Byy + ARp.Byp + ARy. B3 (4. 26)

where
N
,B1ﬁu Bi2 and Byz are the deflections of the cable at
sections {-i{ due to a unit point loads acting in sections
1-1, 2-2 and 3-3 respectively (see section 4.2 chapter 4).
Since the change of the deflection of the beam at sect-

ion 1-1 1is equal to the <change of the deflection of the

cable at the same section and since the linearized solution -

'for the deflection of the cable is adopted, thus equation

-

(4. 25) must equal equation (4.26).
8qy1-9 - dpy. AP - dpqy.ARy - dpyp. ARp -
8r13-ARy = ARy.Bjy * ARp.Byp + ARy. B3 (4. 27)
An ;quation for the change of the deflection at section
2-2 can be also obtainead: ’ ;
8qa-d - dpp- AP - 8rpy. ARy - drpp.ARp -
dr23-8Ry = ARp.Bpz + ARy.Bpy + ARy.Bp3- (4. 28)
In the above two equations there are three unknown
ARy, ARy ana AP, thus equations (4.17) and
(4.23) will pe used. |
2 AF sin® : 2 ARy + ARp S (4.17)
AP : AR(w - D) +m . - /{ (4.23)

»

\ ’ 5 b

A

in
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Rearrange equations (4.47), (4.23), (4.27) and (4.28).

ARy (dp11+dr13+By1+P13) + AR2(Sp1p+By2) + . Il

\

AP.épl + 0.0 = q.éq, (4. 27)

ARy (8pyp+85032B21+Ba3) + ARp(Spp2+Bp2) M+
. |

AP.Sp; + 0.0 : q.dqp (4. 28)
0.0 + 0.0 + AP - AF(w-£) = = (4. 23)
" AR(.2 + AR, + 0.0 - AF(2 3in®) =: 0.0 (4. 17)

The above equations can Dbe transformed to a matrix

system as follows:

Sr11+8r13+B112B13  dryaetB12  dpy 0.0 ] [ARy] [Q. éqy]
%
~—
Sr21+9r23+P212B23  dr22+Bzz  ¢4pe (’U'\ 0 ARzl {qdq2
0.0 0.0 t v i AP n
13
" 2 1 0.0  -2stne| (aF 0.0 |

|

'The above matrix will be considered as equation number(4.29)

By solving the above matrix, the four unknown coeffici-
ents ARy, AR, AP and AF <can be obtained. )

Since the systgm shown in Figure 4-15 is a determinate

-aystem and since 3 saddles only are used to simplify the

solution, another solution can be used as follows:
Substituting from egquations  (4.20), (4.21) and (4.23)

into equation (4.27). o
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6q1.q - épi.AF(v-‘) - 6p1"'| —Grii.AF(llne-Sll'I’) - .
drq12. 2. AF. Sin¢ - 8p.(3! AF(S1in6-sin¢) := PByq. AF(51N6-35in¢)
+ Bya. 2.AF. 3in¢ + By3. AF (31n6-s1iri¢) ' L8

The above equation can be rearranged as follows:
AF[(s31n6-sine) (By14By3+dr1148r13) + Spilv-) +
2. 8py2. SIne + Byp. 2.51nd) + dpg.M - 8qy.q : 0.0 (4. 30)
In equation (4.30) }there is only one unknown AF, by
i
solving the above equa%tion AF can Dbe obtained. Substit-
uting by the value 04 “AF in equations (41.20). (4.21) anaq
(4.23), the v:lues of ARp, ARy and AP are obtai-
nid. The same results can be obtained by using equation
(4.28) instead of equation (4.27) in the above solution.
Whether the matrix system solution or the solution
- mentioned above is used, both solutions will depend mainly

on the number of saddles and also the availability of the

computer.

.

4.5 Cable Placed with Exact Parabpolic Profile

In this section, the analyses of the case in which the
cables are placed inside al groove made in the beam will be
considered (Fig.4-16). The cable will take @he exact requi-
red parabolic profile. 1f the cable is under pretension
force F, it will create an upwvard uniformly distributed

reaction on the beam. .

where: . r: —r— (4. 31)
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\ ’ -

.112 s.ng+aind ) 1/2 s.og+¥oink

}tlcoa‘)*! -
of \V‘

N p ) , "
i ™™Fcoed

Saction 4-1 ' | .

Pigure 4-16 The cable placed in grbovo to have the
exact rcquired parabolic profile

1/2 s.pg+Fsind

* ‘ 1/2 o L . . _
A : ]ﬂ @z T+Fcos®
. P -—-——-——-. 0--0* y ' ¢ h t
Kl 4
Lr/2 ] ’ ‘
[ u - °

\ .‘: . 9 i b \ i
” L

N ‘ T J 3

. // ‘ R l .

v .

Figurc 4<17 The forces acting on the column
D before the application of the
| ncrvicc load

(Tlcosdysr [



N

(T+t)/cosp

.

et
By analyzing the column located atv the Yuht sxde An

Figure 4-16 as shbvm in Fuure/'i 17, we can obtain the value

of P ( by taking the moment about the hinge ).
\ V! e .
7 o

+ H

P

» 4‘ ‘ . N ) o .
5 s.mg - T. F. §1ne) . r (4. 32)

# ' ¢
0 ' O l
1 /Zs‘.‘ngﬂ‘sim ' '

»” ) -

1/2s.ag+Fsind
“~ X2 . F The {maginary position f
. . 9

5

“=—rT+Ft 080

n

- e 33 N yd
=2 g 4 bt ° R
- L 1
) .t L
° \ bl
¢ {"} b i
_ Figure 4-16 Thc dashed line shows the imaginary e

position of the cable, if it 1s freely

(T + F.cos8) (—Ey‘—ﬂ—) * (_Y'._}:—;ﬂ-) (+own -‘—l-'-'r'l- - .

F+(T/com)

., hanging at the tops of :hc colunna and 95,";1
‘not loaded X . § kS RN
‘/ ) ' . . ) j.’f] "-J-

Since the cable i3 acunk on the beam by uniformly

distrumtinc reactton r md the systcm "418 An equi}ibrium,

™

. thug, <he beam on ‘the other hand must be acunc on the cable:

"+ DY u?uormly ;ustrxbuunc lO}d r. If the cabu A8 already

N
’
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loaded by a uniformly distributed load r, then the cable is

already under a certain value of deflection W, which means

tﬁe ?rig;ngl ?osit{on of the cable, 1f.1£ is hapging freely
at the iop of the column, will be lgcategkabove‘ the present
position. (seep Figure 4-18). \

_The deflection of the cable at midspan from its origi-
nal position (the imaginafy ppsition 1n Figure ;}-18) to the

real-pos;t¢5p is given‘by équation (4. 10).

. r * _ 1 ? 2. X t ?
V@ mwaso XX z (X2 + X7) - —y(X3 - Xa2) -
: t. 1. mg _ X ‘
‘ 2. t.r * U -1 . (410)
Where «
kY . ‘\ ;
o . S mg ' . ‘
T:=:—3 tané ' (4. 12)

o
A o

From Figure 4-18

t = F coseé

After abplying .the sgrvice load which is the ﬁniformly
digtribuied load q per uni% lenkth.‘gpe force F in the‘cable
willlincfease by AF, and the uﬂifogmlf distributed reac- |

tion r will increase by Ar. The change 1in the deflect-

v

ion" of the beam at midspan 1s’due'to q, Ar and AP
(see ch;pter-s section - 3.3 and chapter 4 section 4. 4) and.
the increase of the deflection W of the cable at mi&spaq b
the value iAw is due to,'Ar. This increase ‘in the

cable’s deflection will be calculated as follows:
- ’ . L t
(W + AW ) - W = AW (4. 33)

Since the nonlinear solution is adopted in this section,

) a

-
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therefore the successive equal increments of the distributed’

load r- on the cable will cause successive lncrements in the

[i3d

Sy corresponding deflection of\the cable, each smaller than the

last. ) Hence, the term (W + AW) should be calculated as

.-one value and the term W as another val@p. The'difference
between the last £wo values will give the value ofqthe cné—.
;ng% in the deflection AW due to.the‘ incrgmgnt Ar o‘m\%
(as in equation 4:33{. This chénge in the cable‘s*dgflect-h‘
ion should equal the change in the deflect;oh of"tﬂe beam. o

.
. ‘} )

= 1/2 s.ag+(F+AF)sind - 1/2 8 .ag+(F+a¥)sind
-+, ) (T oF
(T+t At)/‘coce Lxa a/ge [ (T/coed )+¥F+AF
. 1+=‘.'°t e N I R A A R PR ) .'s o0 2y s Le ] ’ Y 0 t+(r+°r)£°”
> 44, (r+ar)/fe a8t
. s - s 282030 saansainasts
. x = 3/% '
) o §
» - 3 s
o L - 3
s, .
] ; N

+

Figure 4-12 Uhiformly distributed load ‘acting on
. - *  a preloaded frame

Iy

'Figure 4-19 shows all the forces that are acting on

the beam and the columns. The problem is how to determine

-

- the unknowns AF, Ar and AP. Let us start by discussing the

forces that are acting on the cable. Sirice the cable is in

!

4
-

c”
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equilibrium, the sﬁmmation‘ of all the vertical forces equals

zero:

smg + (r + Ar)L = 2 [—é_.— smg + - (F + AF):sine)
(r + ar) = 23100 (g, 4F) - (4. 34)
Ar = —2—%1—’-‘-9—@ + AF) - r (4. 35)
The supmation of the horizontal forces equals zérp too: v
T + (t + At) = T + (F + AF) cosé
t + At = (F + AF) .cos© ’ / (4. 36)
where g ’ : h v
t .= The horizontal tension force that acting at the
ends of the cable due to the action of the vertical
) distributed load r.
A‘t: z

The increment in the force t due to the
: , : )

increment Ar in the distributed(force r.
By analyzing the co6Tumn located at the right side in
Figure 4-19, as has been done in section 4.4, the value of

P + AP can be obtained. Figure 4-20 shows allithe for-

-
»

ces acting on that column. - . . Ty

If we take the moment at the hinge.in Figure 4-:20, the -

value of P + AP is obtained.

+
€

. . h
P + AP : (T + F,cos6 + AF'°°39)(_§TT*§‘) +
K { _: o1 . Lr _ LAr
) ( ¥y + H ) ( %,q.L + —ﬁ~pwn m . m
- N P . ' \‘
—-t’—-g.mg - —é— F.sine - .--%—.'AF. sin8) . . (4.37)

.
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Subtracting equation (4.32) from equation (4. 37).

AP : (AF cose) (-2+H ., ,(_71}—&‘1, . L.Ar

| y + H 4

1 K
T. AF. 811’!9) (__Y__*T-)

1/2 s.mg+(F+AF)sing

1/2qL+l/20vm

. T+(F+4F)cos®
! © P+AP - h
. 4_0-———1‘--01-i y - . - ‘
- 2R ¢ )
(L/2)(r+br)
. H

®h S
JW-J”‘— v ' *
] 5 . ’ N

.- R, '
. Figure 4-20 The forces &cting on the column

‘after the application of the
_service load

Substituting from equation (4.35) into equation (4 38)

L3

AP =, AF. cose(-B- H + K L+ -‘i—“—

Yy + 1) (y+HH4q'

- —%—.Ff;1n9=- AF. 8in®)

Equation (4. 39) can be Tewritten as ¥ollows:

AP = AF(v - [) +m sy - (1/2)F. ¢

‘Where ' ’ . , ' SRR 3

N\

4

(4: 39)
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. h + H < 7
v o= ( Yy + H ) cos®
} 1 . K
m o= - 9L (5T .
‘ O I T (4.41) —
£ = (—E __)sine
y + H
,. L.r K ' '
y - - 4' ( Y + H) -

Equation§ (4.41) are the same as equation (4.24) '‘except
the coefficient vy  which is not included in e€equation
. (4.24). C ' / . SN

- N -
The change in_ the .deflection of the Dbeam at midspan

. -

*  will be as follows:

N 2

émd - &g Ar - lbp.AP = 8 (4. 42)
' Where | S , B - |
d. = the ‘change of .the deflection of the beam At‘
midspan'

ém = the deflection of the be‘am at midspan dQue to the
‘action of a unit distributed load.
dp = the deflection of the beam at midspan due to the
action of a unit eccex'{t.ric alxial force.’
The change 1in fhe deflection of the cable at micisp'an
D% AW will be as mentioned in equation (4.33).
(W:+ AW) - W = AW o . &.(‘4.33)
Since the cable is connected to the be;am. the change 1n~
the deflection of the beam 4 mtxm‘tﬂ equal the change 1in

\

the deflection of the cable.

3

8 e AW ‘ (4.43)
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Substituting from equations (4.33) and (4.42)° into equation

>

" (4.43). . - i s .
b q - Om AT - Sp AP = (W e AW) - W - s (444)
Where the value of (W .+ AW) can be obtained from

equation (4.10) as follows:

- r + Ar’ ) - 1 L gt -_
(W + AW) = =5t + aty) L X3 X 2 (X2 + X))
X g (t_+ At)1.mg . X
2.1 (X3 - X2 2T(r + amy > (1 - 17
The above equation will be number-:----:-------:'- (4 45)

Where “x, Xo and X3 are shown in Figure 4-19.

Substituting from equations (4.34) and (4.36) into equat-

(1on'(4.‘-4,!'->). \
(W + aw)- = L‘%T(f tFAf)Agizgse) { X3 = -0+
x) - _-%(xg - ;"a) - L 1 ";‘g-;ri‘an? AT
A (4. 46)

. Substituting from ‘equation (4.10), (4.35), (4.40) and

" (4/46) into equation (4.44) will' lead to an equation having

only one upxnown. which .is AF. By 'solving this equati-
on, the value of 'Af" can be obtained.

It must Dbe '\recognized "that, due to the deflection of
the beam, there will be ceértain change in the value of{ the

angle’ (<] (see, Figure 4-19) which is the angle between the

tangﬂe'nt t0 the cable at its end and the horizontal plane.

v

For a shallow beam, this angle. is small, thus the chémge in m._)/

-

this angle will also be very small. Therefore, the

\

/ B

| ¥

.
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ve very small and can be omitted, which has been done/in the
Qre\fioﬁs analysis. ”

If AF is determined, it can be substituted /in equa-
i}&n' i;&.BS) by 1its walue, and the value of Ar can then
e obtained, Consequently, 1f the value of af is Known,
it caﬁ be substituted in equation (4.40) by ifs 'value, and .

»

the value of AP can be also obtained.

If AF, Ar and AP are Known, all forces acting on: the

,pre'ioaded 'frame are Knowxi. therefore, all\the sections of

-the- preloaded £rame can be deﬂsigned[

4 [
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CHAPTER 5

v
- ~

E]

BUCKLING, BEARING_AND DIFFERENTIAL SETTLEMERT

*

5.1 Buckling bPue To Preloading.

Structural engineers are aware of the possibility of

L3

buckling of a long compression member of a small cross

'séction area. It is entirely reasonable to question the pos-
sibility of ‘buckling of a preloadial member as a result pf
the compression force action. Obviously, when'thg compress-

ion force is applied by an external load, such as a struct-

" ure member compressed by abutments, as in the case of prilo—

ading, and the tendons are p%aced externally:énd are not'in‘
contact with the member, the possibility exists that the
pember may Dbuckle. If.bugkling does occur, 1t\is essential
that thisjproblem be 1gvestigated in the conventional man-
ner.

Libby(12) explained in his book ahout‘pr'sipeséed conc -
rete the re;ati@nnbetween the bucgling of a prestressed mem-
ber and the points of Eogtact. be{wqen the tendons and the
member, throughout the length of the member.

Although his explanation referred‘to a ﬁrestressed mem-
bef. it may also.‘bqﬁused as a general)explanation for any
member compressed directly,(brestressed) or indirectly (pre-

’

loaded) by tendoris. -

- when the tendoﬁs are gn contact with the member at
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—

foin;s between- the ends ;f the member; the tendency to bué—
Kle 1s“§édpced significan£ly. When the tendons are in in-
timate contact with the member -throughout the lehéth of the
member, ;; 1h certain cases of preldading'ksection 4,5, Cha;
pter 4), the possibility‘bf'buckling wi}l not occur. Accor-
ding to Libby, .this fact has been demonstrated both gxperimr
entaﬁly and mgthematlc;lly. . '

) .?or a preloaded‘.member[ the\possipilfty of bucKliné
depends mal%fy onjwhether of not the tendbns are in contact
with~thb member. If'the tendons are not in contact with the
) member, a ' possibility of buékling exists. If the te &ons
are ih ‘tcontact with the ﬁember at various points between the
ends (}ge section 4.4, Chapter 4), the-possibilitf of buckl-
,;né is r;duced; If the tendops arevin intimate contact with
the member throughout the l?ngth of the member (see sé?tign
4,5, Chapter 4), the possibility of bucKling is non-

’

existent. ‘ ‘ e

’

5.2 The Bearing System

t
Bearings are mechanical devices caxﬁable of transmitting

\‘loads from the superstructure to the substructure. Bearfhgs
have been designed as simpie as two steel plates and as ‘com-,
plex as precisely machined devices containing numerous .

parts. Failure of bearings to adequately tie the superstru-
cture to ’the substructure when suﬁjected to an earthquake

force reésulted in the collapse of several structures in

1
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southern California in 1971 (13). oy ‘ .

PR R ‘n * , - M
. A frequent consequence-of conventional désign.practlce

/

is ine necessity for continual maintenance " of bearings in

* order to prevent deterioration of the supergtructurep

. HMany engineers.have concluded that 1t 1s better to ay-
oid the problem, twhen possiﬂlé. rathe; than try to solve
it. "fn the case of a preloaded éystem. it is possible to

avoid the use of bearings by utilizing a flexible integral

-

connection between the horizontal member and. the columns, as

shown in Figure 5-1. “ .-

A

Q . Detail "A"

|

L

J/ 3> .
4 . r £ A4 <"
4 °
.
« .

Detail "A" .

. ’ VA \
o N \) f J' ap
A 7~ . .

. ]

-

rigpre 5-1 Flexible integral connection =

~
-

4

This conriection can actually perform three functions.

‘ The first is.to allow rotation (in the following section,

¢

,
.
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the advéntages of rotation are explained). The second func-
“» ° ~ . )
tion is to transfer a compression force from 'the columns to

-

"act as an axial force on the horizontal member§ Thirdly, it

~ transmits the vertical load from the : horizontal member to

the c¢olumns. ;Following 1s an analysis of each one of the;e

three functions performed by this type of joint. ~

-

’ |
The surface of the joint \\\\\pzhe surface of the

from the horizontal member ' joint from the column
side ) side

(-

Figure 5-2 The joint between the horizontal .
_ wember and the column . %

'

If the swffdbe of the joint from the side of the column

and the side of the horizontal member (Fig. 5-2) are concre-
te, the rotation between the horizontal member and the colu-
mns will not be permitted because of the friction between
these two surfaces (the friction coefficient for concrete
has a hiep value). Thus, to allow smooth rotation, these
two surfaces shoﬁld be covered by material for which the
coefficient of friction has a low value. The material reco-

mmendedlis Teflon or ‘Neoprene,. Teflon (13) has a low coef-

_ficient of  friction = 0.06. Therefore, it can bé used to

cover both contact surfaces pf.thls Joint (Figure 5-3).
0 ‘
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' Q)
The surface of the ,/////

joint from the horizontal
member side is Teflon

lined

.\\\ The surface of the joint

from the column is Teflon

lined

e

Figure 5-3! Using Teflon in the joint

~

The use of Teflon ensures smooth rotation between the

> .

horizontal‘%mmber ‘and the ' columns. The usual thicKkness of

Teflon coating is 3/32 ;ﬁi for each surface, Tef}on"is also -

capable of transmitting the axial compression force from‘the

columns to the horizontal member. The design value of maxi-

mum compression on-thé Teflon varies from 1 to 2 Ksi.!

(b)

Reaction

a

‘// |

(3

oy
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. The vertical reactions at the ends of the horizontal
B T ~ ‘member- can be transmitted thrdugh thé Teflon to the columns:
“vsince Teflon carries a compression force. - o ‘

In Ficure' 5-4, the shearing force at section A-A, due

td the reactions at the ends of the horizontal member, sho-
5uldlbe verified to see if the shearing force can be carried
hy }he éonbrete‘only or rginforcement i8 required. If .rein-

( .
forcement is requirgd, it will be placed as stswn in Figure

5-5.
l

. " ) l .‘ . ‘. . .

. B . , C—) ) /
r * - . R

\\-___--——- Reinforcement

o v A

e T

v Figure 5-5- Reinforcemégi of the joint

¥ -

oo ' 5.3 Differential Settlements

’ Foundation settlements(i4) must be assessed as accurat-
ely as possible for most structures. Since soil is not exa-
_ctly a homogeneous substancg; diffengn;%@alues of settleme-

nts may occur under one. structure. This Kind of settlement’

is Known as a diffcr&ntial settlement and is the mafn reason

why many strjpctures collapse. . b
. In tgnera], differential settiéments do nqt affect sta-
.. . tically determlnate -strucgures, However, it creates differ-

‘ ent types of stresses oﬁéﬁhe statical)y 1ndetermbnate

» »

- . . ¥4 .
1 ' - '
.
' ~ .
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stéuctures. Therefore, the statically lndéﬁermxnate struc-

tures ghould be designed to withstand this Kind of stress
Mhich is due to the differential settlements.

For a single bay frame, it can be designed as a stati-

: cally‘geterminate stﬁﬁctu}e; resting on a roller support

frgm one -side and on a hinged support from the other side,

see Figure 5-6. . 4

“~

Figure 5-6 Statically déterminat
. bay frame

The frame shown in Figure 5-6 will not be affpcted by

3

the differential settlement, however, for Egestressed frame

structures, the’leees usually would not be found on a roller

foundations. If a hinged support or fixed support are used,

-

the estressed frame will be statically indeterminate,
Therefore, the structure will 5e affected by the different-

ial settlement. Following is an analysis of the effects of
e ‘ P S
differential settlements on statically indeterminate pre--

, .
stressed frames and preloaQed frame-s.

\r.,‘

f
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PASE A .

»

)

(a)

( .
]
-1
I-
| .
‘ I
-~
n.
!
'

cmecm . D

A
U(:i/
i
I
]
]
|
-
]

‘

“(c)

Figure 5-7 Differential s settlement ucting on
prcltrll.ed fqtme

B - —

r

> Prestressed frame
+ (no service load)

Distortion of the right

. angles at the corners of

the frame due to differential
letthgent a

R

g

Bending moment on the frame
due to the differential
lettlement only
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Case.i: Pregiressed Frame T

~

For the frame shown in Figure 65-T-a, . the horizontal
membér is only prestressed and there is no'service load .on

o

the frame.. Since the frame is statically -indeterminate, it

(o

ﬁil{ be:affécted by the differential settlemeﬂt. Assuming
there is settiement A under the right side. support of

tpe frame’ As shown in Figure 5-7—b  D;stortion of the ang-

‘les will occur between the horizontal meﬁber and the legs of

the frame. The material.of.the frame will resist thé“&isto-
- o .

.rtion of these angles, therefore a bending moment willn?ct

@

on .the frame, as shown in Figure 5-7-c. This bending mpment ;

.o N ! .
is only due to the action of the differential settlement,.
, A ’ o

'3 - 4

- . . ' . | g’\

Case 2: Prekoaded Frame

-

v

a

also ﬁill be'subjected .to a seltlement A éq&lng under

R <

the right side columns, as shown in qurre 5-8-b. This set-
) ik ) ;

’ 1

) -
tlement will distort the angles between the horizontal mem-~

o

ber and ‘the columns. Since there are flexible 1hteg;al Jo1i-

4]

nts bbetween the horizontal membér and the columns, these
Joints will not resist the distortion of the angles 1f the

two columns remain\parallel after the occurrence of .the .dif-
[4

ferential settlement, thus the bending moment on the preloa-

ded frame . will be zero;({:\shown in Figure 5-8-c. Howevef.
o

(9

if the two columns becbme nonparalle]l] after the ogcurrgncé'

!
of the differentlal ;ettlement. the. length of the cable m%Y

- s

o,
.

The preioaded frame ﬁhown in Figures 5-8-a and 5-8-b.

.
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- . PR . - R
. ! vt - ’
A :
/ S ¢ :
s N - { i
e - . .
<~ | - T, . Preloading frame
- T ’ ° (no service load)
- N
& " " > -
. : vuv -
e | (@) : - .
- - . ’ v . . Lo
. . .
L3
’ -
- 3 ¥
Ed
» By .
. X Ceoc . Differential settlement &
. ' e I.  acting.on the system
¢ 4 # ) ' -
vt . . o \ \.' "
&vg—.—-v v 8 . . ¢ . *
. M . " i » RN . o
. - LA ) - . P
C. OIS - (b)- -, - M s .
. —~ . " Loy e
L 2 » .
" f- ' é‘ ' .
- 5 '
1 Q.
- . . Lad
- - . - :. -
. . ‘
s . )
2
L‘ L] . % f * " .
.- - . . The bending moment on
1 et 8 preloading frame is - .-
N - < zero . i S
v (C) R g A ¥ . - . )
L - .
i .
., a ' , * »
~ +
Figure 5-8 Differential settlement acting : ' ' '
' * on preloaded frame t ’ .
J'\» L- » T g
. q *
¢ ' R -
hd R ot ",“ ' - a
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change, -which.in furn mai affect the preloaded frame.

From the comparison between the prestréssed frame and

-t

~

fhe-preloaded" frame, it can e conclﬁded that tpe preloaded

. frvame has_bet@er performance, under the- action of the dif-

LN

o ‘ferential settlémentp tﬁan tpe prestréssed frame. .

- ~ v

5.4 HMulti-Bay:Preloaded Frame

Thespngloaded technique can be used 1in the case of a

) L
< _continuous system, as shown in Figure 5-9. In Figure 5-9,

~

‘there is

-

two bay prel@adéd frame;, the column at the left

18ide is found on fixéd support and the’oiher’twotcolumns are
A . 2 » )

rested on hinged supports. \Thé‘cablq’for the left side bgy

- —

.is anchgred at the.top exterior side. of the ‘column located.

-

S ~§p fhe;left,side and aﬁcpqred frém the other end to the mid-

-
- -

"L dle column at the tob.pign} side, . *°

, . . . - P
-, - - - 1 - o

Ty ' ) . 'anrP :'; {Lﬂoﬂ","

o
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The cable fpf the right side bay is anchored to the top

exterior side of the column located at the right S1de. and

~anchored from the other eéd to the middle column at the top

u

left side of this column.

5.5 The Advantages of the Preloaded Technique

—

To explain the benefits of the preloaded techn}que, the

advantages and disadvantages should be cqmpargd to those of

simply supported prestressed beams carried by two columns

and a prestressed frame.

-1 -.Prestressed simply supported beam

) -
\/ Ih
m— R 2t~ h )
H
s /
P
B ’// ’
/
77T o 777 4 ) - //
. * , I
k L k . ,/
i T /
//
//
Figurc 5-10 DIrestrecssed beam
_ . ,
{ - Since the system shown in Figure 5-10 i's statically
determinate, the beam will not be affected by the

differential settlement. " -
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- The system does not need qémplgx design calculation,

/

since it 1is statically determinate. . ' , g/ax\
. L, ' o2 )

'Disadvantages ) 2 ‘ . f :
) ‘ . ) - // ' . / -
1 - The bending moment due to the service load is carried
/// ’ ‘totally by the bgéhland the columns have zero moment.
2 - There are beariné systems at the ends of the beam to
R - transfer the yértical'loads from the supersirucggre to
the dblumnsy/ A N
1 o / . ' '
/ . " . v ..
‘ 2 - Preétressed Frame OO, o

/

L/ - . ’ |
o O ) e Oy -
vk, L ok,
“ ' Figure 5-11 Prestresscd frame . ’ L
Advantages - L oo . ‘

. . ¥ N X
1 - The bending moment due to the vertical loads 1is

distributed over_the horizontal member and the legs®of
3 e i
the .frame. ‘ . St

) N



[ 34

103

a - Since the horizontal member has 1ntegra1 fixation with
R . the legs of the frame, thus the ‘system does not require
. bearingslfo transfer the loads from the horizontal
S member té‘the’legs of the _frame.
isadvantages ' ) .
-, { - The prestressed frame. is affected by the differential
) _ N ot .
’ .settlement. DR
o * 2 - Since.the prestressed frame shown in Figure 5-11 is
/,\/w w » . LT ta
’oo statically indeterminate, it requires complex design
’ ' calculations,
) # 3 - Preloaded Frame .
, . ' : — T
. N/) 1}1
¥ ’ - j ' (
. . , _
R T
2 . M N - i
. H
e ."-'f - o . JﬁOﬂr *
.L, ) k - -. l’ L . - .
. * ’_H’ B LI ! . - Mk
Figurc 5-12 Preloaded frame
) Advantages . , - . ,
. . . A
1,.- The bending moqgnt due to the vertical loads is
4 ' \ * " . . '
’ = o
‘ ) " - . o
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" . | ..
d;stpibuted over the horizontal.members and the columns.

»

2 - Does not require bearings to ‘transfer the vertical loads

\ from thé horizontal member'to the columns.

pe—

. 3- - It requires, less prétensioning procedure than that is’

required for the prestressed frame;
4 - The system has better performance, than the prestressed

frame, under the action 6f the different#al sei&iement.
| .

,5:-«mhe design calculation of‘this system is not very
. . -
' ’complex, since it is not statically indeterminate.

I

1 Lo 104
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CONCLUSION
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CONCLUSION

1- Suigle and multi-bay prelocaded frames can be used

. v

instead of prestressed frames as an alternatave economical

solutaion.

2- 'Preloaded frames require pretensioning force less than
prestressed frames . -

3- Preloaded fr:ame stnuctures can be recommended when the

-

effect of dszerénual settlement 1s significant,

~

4- Experimental tests "on preloaded frames are requaired to

a

veryfy the -results that obtained £rom tﬁe analytical study.

e
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AU
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Joint 1 | 2 ¢ 2 iRt
. o~ +
Member i 1,2 &)z 1 2,2 2,2. 2, 1,2
DF 1 0.6 04 04 06 1
~
Moments .
Fixedend 0 0 . 0475 40475 0O 0
Ex \ 0299 0199 40199 40299
Balancing +0.285 4019 019 . “0.285 ,
. N
co 0095  +0.095
Balacing +0057 . 40038 0038 008 /
co 00” Voot
40011  +0.008  -0.008 001
Totals 0552 40552 0054

+0.054
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Table 1 Values of (T”x‘ngl with load at midspan

‘1/ AZ|(R/mgh) 0.1 0.2 0.4 0.6 08 10 20 . 40
i ‘ :
0.] 0014~ 0015 0017 0019 0.022 0024 0033 0045
0.2 0027 0029 0034 0038 0041 0045 0059 0.074
0.4 0053 0057 0064 0071 0077 0083 0101 0.115
0.6 0077 0083 0093 0102 0.109 O0.116 0135 0.146
0.8 0101 0108 0120 0130 ' 0.138 0.45 0163 0.171
10 0124 0.132 0145 015 0.164 0171 0188 0.192
20 0226 0237 0252 0263 0270 .0275 028 0271
40 0.388; 0397 0. 0414 0416 0416 0.403 . 0371
6.0 05100 0516 0572 0521 0518 0514 0486 0.439
8.0 0607 0610 0.6 0605 0598 059 0551 0493
10.0 0686 0.687 0682 0673 0663 0652 0604 0.537
20.0 0935 0929 0913 0894 0.875 0857 -0.784 0.690
40.0 1153 1148 1130 1109 1.087 1066 0978  0.864
60.0 1254 1252 1239 1221 1201 1181 1092 0972
800 1312 1313 1305 1291 1273 1255 1170  1.049
100.0 1350 1354 1351 1339 1324 1308 1229 1.109
200.0 1435 1446 1457 1457 1451 1443 1.388  1.285
400.0 1482 1499 1520 1529 1533 1532 1506 1434
600.0 1498 1518 43 1557 1564 1567 1555 1.503
; 800.0 1507 1.528 55 1571 1580, 1585 1583  1.544
10000 - 1512 1533 1562 1580 1.590° - 159 1600 1570

\1,12 R/mgl) 60 80 100 200 400 600 800 1000
—> '

0.1 0051 0054 0056 0057 0053 0049 0046 0.044
0.2 0079 0082 0082 0079 0.070 0064 0.060 0057
0.4 0118 0118 0.116 10106 0092 0084 0078 0.073
0.6 0146 0144 0141 0126 0.108 0097 0.09 0.08S
0.8 0169 0164 0160 0142 0120 0.108 0.100 0.094
1.0 0188 0.182 0376 0155 0131 0117 0108 <0.101
20 0258 0246 0236 0202 0.169 0.150 0.138  0.129
40 0346 0326 0311 0262 0216 0192 0176 0.164
6.0 0406 0382 0362 0303 0249 0221 0202 0.189.
8.0 0454 0425 0403 0336 0275 ° 0244 0223 0208
10.0 0493 0461 0437 0363 0298 0263 0241 0.
20.0 0631 0589 0557 / 0461 0337 0333 0304 0.2
40.0 0791 0739 0699 0580 0474 0419 0383 0.357
60.0 0893 0836 0791 0659 0540 0478 0438 0.408
. 80.0 0968 0908 0861 0720 0591 0524 0480 0.448
100.0 1026 0965 0917 0770 0634 0562 0515 0481
200.0 1207 1146 109 0936 0780 069 0640 0.599
400.0 1370 1316 1270 1112 0945 0850 0.785 0.737
600.0 1451 1404 1364 1214 1.047 0948 0.880 0828
800.0 1500 1460 123 1284 1.120 1020 0950 0.896
1,000.0 1533 1

498 1465 1336 1177 1077 1.006 0951
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Table 2 Values of ()/Z,. with Joad uhiformly distributed over the central one-tenth of the span
J/ a2| (mg)0.1 0.2 04 0.6 0.8 10 20 4.0
—_— ) .
01 .~ 0001 0001 0001 0001 0001 0001 .0.001 0002
0.2 0002 0002 0003 0003 0003 .0003 0003 0.003
‘04 . 0005 0005 0005 0005 0005 0005 0.006 0.006
0.6 . 0007 00607 0007 0007 0008 0008 0.008 0.009
0.8 0009 0009 0010 0010 0010 0010 0.011 0012
10./ 0012 0012 0012 0012 0012 0012 0013 0014
20, 0021 0022 0022 0022 0022 0022 0023 0.025
40 0037 0038 0038 0038 0038 0038 0039 0.040
6.0 0050 0050 0050 0050 0050 0051 0.051 0.051
8.0 0060 0060 0060 0060 0060 0060 0.060 0.060
10.0 0.068 . 0.068 O. 0068 0068 0068 0.068 0.067
20.0 0093~ 0093 009 0093 0093 0093 0092 0.09
40.0 0.11S  0.115 115 0115 0115 0114 0.113  0.111
600 . 0125 0.125 125 0124° 0124 0124 0124 0422 .
809 0130 0130 0130 0130 0130 0130 0.130 0.128
1000° 0134 0134 0134 0134 0134 0134 0134 0.133
200.0 0141 0141 0.142 0142 . 0.142 0142 - 0.143 0.143
400.0 0.145 0.146 . 0.146 0146 0.147 0.147 0.148 0.149
600.0 0.147 0.147 0.147 0.148 0.148 0149 0.150 0.152
800.0 0.148 0148 0.148 ° 0149 0.149 0.149 0.151 0.153
1000.0 0148 0148 0149 0149_ 0150 0150 0.151 0.154
x \1, A2[(/mg) 60 8.0 100 200 400 60.0 80.0  100.0-
—>
0.1 0002 0002 0002 0003 0004 0005 0005 0.005
0.2 0.004. 0004 0004 - 0006 0.007 0008 0.008 -0.008
0.4 0007 0008 0008 0010 0011 0011 0011 0011
0.6 0010 0011 0011 0013 0014 0014 0.014 0.014
- 2.8 0013 0013 0014 0016 0017 0016 0016 0016
0 001S 0016 0017 0018 0019 0018 0.018 0017
2.0 0.026 0026 0027 . 0027 0026 0025 0024 0023
40 0041 0041 0041 0039 0036 0034 0032 0030
6.0 0051 0051 0050 0047 .0043 0040 0037 0.035
8.0 0059 0059 Q0S8 0054 .0.048 .0.044 0041 0.039
100 0066 0065 0064 0059 0052 0048 0045 0.043
20.0 0088 0086 0084 0077 0067 0062 0057 0.054
40.0 0.109 0107 0104 O 0084 0077 0072 0.068
60.0 0.120 0.1 0116 0107 0095 0087 - 0082 0.077
80.0 '0.127 01 0123 0114 0102 009 0089 0084
100.0 0.131 0130 0128 0120 0.108 0100 0094 0.089
200.0 0.143 0142 0141 0135 0125 0.118 0112 0.107
400.0 0.150 0150 0150 0147 0139 0133 0128 0.124
600.0 0.153 0153 0153 0.151 0146 0.141 0136 0.133
800.0 0.154 0.154 0155 0154 0150 0.146 0142 0.138
1,000.0 0155 0155 0156 0.156 0.152 0.149 0145 0.142
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~ Table 3 Values of ¢ 1-) A with load umformly distributed over the central two-tenths of the span

\1, A?| (r/mg) o1 0z 04 0.6 0.8 1.0 2.0 40
.» ~ . ’ -

0.1 0002 0003 0003 0003 0003 0003 0003 0004
0.2 0.005 0005 0005 0005 0005 0006 0006 0.008

. 04 0010 0010 0010 0010 0011 0011 0012 0015
06 . 0014 0015 0015 0015 0016 0016 0018 0021

0.8 0019 0019 0020 - 0020 0020 0021 0023 0026

1.0 0023 0023 0024 0024 0025 0026 0028 0.031
2.0 0043 0043 0044 0045 0045 0046 0048  0.051

. 40 0074, 0075 0075 0076 0077 0077 0079 0.079
6.0 0099 0099 0100 0100 0100 0.00 0100 0099

8.0 0119 0119 0119 0119 0119 0119 0117 0114
10.0 0135 0134 0134 0134 0134 0133 0131 " 0127
200 0185 0184 0183 0182 0182 0181 0176 0.168
400 0227 0227 0226 0225 0224 0223 0218  0.208
60.0 0246 0246 0246 0245 0244 0243 0239 0230
80.0 0.257 0257 0257 0256 0256 0255. 0252 0243

© 1000 0264 0264 0264 0264 0263 0263 0260 0253
200.0 0280 0280 0280 0281 0281 0281 0280 0277
4000 0288 0288 0289 0290 0291 0291 " 0292 0292
600.0 0291 0291 0292 0293 0294 0295 0297 0298
800.0 0292 0293 0294 0295 029 0297 0299 0301
10000 . 0293 0294 0295 0296 0297 0298 0300 ¢ 0.303

\l' A’lamg) 60 80 100 200 400 600 800 1000
—>

0.1 0.005 0005 0006 0008 0010 0011 0011 0011
0.2 0.009 0010 0011 0014 ~ 001S 0015 0015 0015

0.4 0.016 0018 0019 0021 0022 0021 0021 0.020

- 06 0.023 0024 0025 0027 0027 0026 0025 0.024
0.8 0.028 0030- 0031 0032 0031 0029 0028 0.027

1.0 0.033 0034 0035 003 0034 0032 0031 0.029
20 0.053 0053 0053 0051 0047 0043 0040 0.038
4.0 0.079 - 0078 0076 0070 0062 0056 0053  0.050
6.0 0.097 0094 0092 0083 0072 0066 0061 0058
8.0 0.111 0108 0105 0093 0081 -0073. 0068 0.064
10.0 0.122 0118 0115 0102 0088 0079 0073 0.069
20.0 0.160 0.154 0149 0131 0112 0101 0093 0088
40.0 0200 0192 0186 0164 0.140 0127 0117 0.110
60.0 0.221 0214 0208 0.184 0159 0144 0133 0.125
80.0 023 0229 0222 0.199 0172 015 0145 0.137
100.0 0246 0239 0233 0210 0183 0167 0155 0.146
200.0 0.272 0268 0263 0243 0217 0200 0.187 0.177
400.0 0.290 - 0287 0285 0271 0249 0233 0220 0210
600.0 0.297 0296 0294 0283 0265 0250-- 0239 0.230
800.0 0301 0300 0299 0290 0275 0262 0251 0.242
1,000.0 0303 0302 0295 0282 0270 0260 0.252

0.303
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Table 4 Values of ( T) I with.load umformly distributed over the central four-tenths of the span’

4.0

\l’ a?| (r/mg) 0.1 0.2 0.4 0.6 08 ‘710 2.0
_> . .
. 0.1 0005 0005 0005 0006 0006 0006 0007 0010
0.2 0010 ~ 0010 0010 0011 0011 0012 0014 0018
0.4 0019 0019 0020 0021 0022 0023 0.027 0032
0.6 0028 0.028 0030 0031 0032 0033 0038 0044
0.8 0036 0037 0039 0040 0042 0043 0.048 0054
10 0045 0046 0047 0049 00S1 0052 0058 0.064
20 .- 0082 0084 008 0088 0089 0091 009 0099
40 0.143 0144 0145 0147 0147 0.148 0.149  0.145
6.0 0190 - 0.190 0.9 0190 0.190 019 0.18 0177
8.0 0227 0227 0226 0225 0223 0222 0215 0202
100 0257 {0256 0255 0253 0251 0248 ' 0239 0222 .
20.0 0353 0350 0346 0341 0337 0333 0316 0290
40.0 0434 0432 0427 0422 0417 0412 0392 0362
60.0 0471 0469 0465 0460 0456 0452 0432 0402
80.0 0492 0490 0487 0483 0479 0476 0458  0.429
100.0 0506 0504 0501 . 0498 0495 0492 0476 0.449
200.0 0536 0535 0534 0533 0531 0529 0520° 0500
4000 - 0552 0552 0553 0553 0552 0552 0548 0537
600.0 0558 0558 0559 0560 0560 0560 0.558 0551
800.0 0561 0561 0562 0563 0564 0564 0.564  0.559
1,000.0 0562 0563 0564 0565 0546 0567 0.567 0.564
‘L A2[(r/mg) 60 8.0 100 200 400 .600 800 1000
—>
0.1 0.012 0013 0015 0018 0020 0020 0019 0019
0.2 0021 0023 0025 0028 0.028 0027 0026 0025
0.4 0036 0038 0039 0041 0039 0036 0034 . 0033
0.6 0.048 0049 0050 0050 0046 0043 0.040 0038
08~ 0.057 0059 0059 0058 0.052 0048 0.045 0.043
1.0 0.066 0.067 0067 0064 0057 0.053 . 0049 0047
2.0 009 0097 0095 0087 0076 0069 0064 0.060°
4.0 0140 0136 - 0.I31 0116 0099 0089 0082 0.077
6.0 0169 0162 015 0136 0.115 0.103, 0095 0.089
8.0 0191 0183 0176 0]52 0.128 0.114-. 0.105 0.099
100 * 0210 0200 0192 065 0138 0.124 0114 0107
. 200 - 0272 0258, 0247 0211 0176 0157 0144 0.135
40.0 0339 0322° 0308 0264 0221 0.197 0182 0.170
60.0 0379 0361 0346 0298 0251 0224 0207 0194
80.0 0407 0387 0374 0324 0273 0245 0226 0212
1000 . 0427 0409 0394 0344 0292 0262 0242 0227
2000 0483 0468 0455 0406 0352 0319 0296 0279
400.0 0525 0514 0504 0464 0413 ° 0379 0355 0337
600.0 0543 0535 0527 0493 0446 0415 0391 0372
800.0 0.553 0546 = 0540 0511 0469 0439 0416 0397
1,0000 0559 0554 - 0548 0523 0457 0434 0416

0.485
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- Table § Values of (1) /g With load uniformly distributed over the central six-tenths of the span.
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V A% | (mg) 0.1 0.2 0.4 0.6 0.8 1.0 2.0 4.0
e .
0.1 0.007. 0007 0008 0008 0009 0009 . 0011 0.015
. 02 . 0013 0014 0015 0016 0017 0018 0022 0.028
0.4 0026 0027 0029 ' 0031 0032 0034 0040 0.048
0.6 0039 0040 0042 0045 0047 0048 0056 0.064
0.8 0051 0052 0055 0058 0060 0062 0070 0.078
1.0 0063 0064 0067. 0070 0073 0075 0.083 0.090
2.0 0115 0117 0121 0124 0126 0128 0.134 0.135
40 - 0200 . 0201 0203 0204 0204 0205 0202 0.193
6.0 0264 0264 0264 0262 0261 0259 0250 - 0.233
8.0 0316 0314 0311 0308 0305 0302 0:288  0.265
10.0 0358 -0355 0350 0346 0341 0337 0318 029
20.0 0.489 0484 0474 0465 0457 0449 0418 0377
. 40.0 0603 0597 0585 0575 0565 0557 0520 0471
+60.0. 0654 0649 0639 0629 0620 0611 0576 0.525
80.0 0684 0679 0670 0662 0653 0645 0.612 0.563
100.0 0.703 0699 0691 0683 0676 0669 0.638 0.590
200.0 0.745 0743 0738 0734 0729 0724 0703  0.666
400.0 0768 0767 0765 0763 - 0761 0758 0745  0.721
600.0 0776 0776 0775 0774 0772 0771 0762 0.744
800.0 0780 0780 0780 0779 0778 0377 0771 (757
1,000.0 0.783 0783 0783 0782 0.782 0.781 0.776  0.765
‘l' A2 | (/mg) 6.0 80 100 200 400 60.0 80.0  100.0
—> ,
0.1 0.018 - 0021 0022 0026 0027 0026 0025 0.024
0.2 0.032 0034 0036 0038 0037 0035 0033 0.032
0.4 0.052 0054 0055 0055 0050 0047 0.044 0.042
" 0.6 0067 0069 0069 0066 0060 0055 0051 -0.048,
0.8 0080 0081 0080 0076 0067 0061 0057 0.054
1.0 0091 0091 009 0083 ° 0073 0067 0062 0.059
2.0 0132 0129 0125 0112 0096 0087 0.080 0075
40 0.184 0177 0170 0.148 0124 @111 0.103 0.096
6.0 0.220 209 0201 0172 0144 (0129 0.119 0.111
8.0 0.248 235 0225 0192 0160 | 0142 0.131 0.123
10.0 0271 0256 0245 0208 0173 \0154 0141 0132
20.0 0350 0330 0314 '0254. 0219 195 0179 0.167
400 0437 0413, 0393 0332 0276 0245 0225 0211
60.0 0490 0464 0443 0376 031 279 0257  0.240
80.0 0528 0501 0479 ' 0409 0342 0306 0281 0.263
100.0 0.556 0.529 0507 0436 - 0366 0327 0301 : 0.282
200.0 063 0612 0591 05200 0444 0400 0370 0.348
400.0 0700 0.681 0664 0601 0526 0480 0448 0.423.
600.0 0728 0713 0699 0644 0574 0529 0496 0470
8000 .0.744 0731 0719 0671 -0606 0562 0530 0.504
1,000.0 0.754 0743 0733  0.690 0.588  0.556

0.630 -

0.530
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Table 6 Values of ( T) I with load uniformly distributed over the central eight-tenths of the span

°

¢, A2l (mg) 0.1 0.2 0.4 0.6 0.8 10 2.0 4.0
—
0.1 0008 0009 0009 0010 0011 0011 0014 0.019
0.2 0016 0017 0018 - 0019 0021 0022 0027 0035
0.4 0032 0033 0035 0037 0040 0041 0049 0058
0.6 0047 0048 0051 0054 0057 0059 0069 0077
0.8 0061 0063 0067 0070 0073 0076 0085 0.093
1.0 0075 0.077 0.081 0085 008 0091 0100 0.107
2.0 0138 0141 0.145 0149 0.151 0.154 0.159  0.158
4.0 0238 0239 0241 0242 0242 0242 0237 0269
6.0 0315 0314 0313 0310 - 0308 0305 0292 0.269
8.0 0375 0373 0368 0364 0359 0354 0334 0304
10.0 0425 0421 0414 0407 0400 0394 0369 0333
20.0 0581 0573 0559 0546 0535 0524 0484 0432
40.0 0716 0707 0.6% 0676 0.662 0650 0.602 0.540
60.0 0778 0769 0754 0740 0727 0715 0667 0.603
80.0 0813 0.806 0792 0779 0767 0756 0711 0647
100.0 0836 .0.829 0817 0.805 0.795 0784 0742 0.680
200.0 0886 0882 0875 0867 0860 0.853 0821 0.772
400.0 0914 0912 0908 0903 0899 0895 0875 0.841
600.0 0924 0923 0920 0917 0914 0911 0896 0.871
Q830 0929 0928 0926 0923 0921 0919 0908 0.887
1,000.0 0932 0931 0929 0928 0926 0924 0915 0.898
‘1’12 (r/mg) 69 80 100 200 400 600 800 1000
—>
0.1 0023 0026 0028 0031 0031 0030 0028 0027
0.2 0039 0.042 0043 0045 0043 0040 0038 0036
0.4 ‘0063 0064 0065 0063 0.057 0053 0050 (047
0.6 0080 0081 0081 0076 0.068 ' 0062 0058 0055
0.8 0095 0095 0094 0087 0076 0069 0064 0061
1.0 0107 0106 0105 009 008 0075 0070 0066
20 0.154 0149 0144 0127 0.108 0097 009 0085
40 0212 0202 019 0167 0.140 0125 0115 0.108
6.0 0252 0239 0229 0195 0.162 0.145 0.133  0.124
8.0 0284 0268 0255 0216 0.180 0.160 0147 0137
10.0 0310 0292 0278 0235 0.194 0.173 0.159 0148
20.0 0399 0375 035 0299 0.246 0219 0201 0.187
40,0 0499 0469 0446 0375, 0310 0275 0252 0236
60.0 0560 0528 0503 0425 0352 0313 0288 0269
80.0 0604 0571 0545 0463 0385 0343 0315 0295
100.0 0637 0604 0577 0493 0412 0367 0338 0316
200.0 0734 0703 0677 0591 0501 0451 0416 0391
400.0 0812 0788 0766 0688 0598 0544 0506 0477
600.0 0.848 0828 0809 0740 0.654 0600 0561 0531
800.0 0868 0.851 0.836 0774 0.693 0640 0601 0571
1,000.0 0882 0867 0853 0797 0.722 0670 0632 0.602
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"Table 7 Values of () / g With load uniformly distributed over the central whole span

(mg) 0.1 02 04 0.6 08 £ 1.0 2.0 4.0
—>

<
£rd

0.009 0009 0010 0011 0011 0.012 0016 0.02]
0.017 *© 0.018 0.019  0.021 0022 0023 0.029 0.037
0.034  0.035 0038 0040 0042 0044 . 0053 0.063
0.050  0.051 0055 0058 0061 0063 0073 0.082
‘0065 0067 0075 0075 .0078 0.081 0.091 0.099
0.080 0082 0087 009 0094 0097 0.107 0.113
0.146 0.149 0.154 0158 0161 0.163 '0.168  0.167
0.252 0254 0256 0256 0256 0256 0.250. 0.235
0.333 0333 0.331 0328 0325 0322 0307, 0.28
0.398  0.395 0389 0384 0379 0373 0351 0.319
0450 0446 0437 0429 0422 0415 0387 0.349
20.0 0615 0606 059 0576 0563 0.551 0.507 0.452
400 0758 0748 0729 0712 0697 0.684 0.631 0.565
60.0 0823 0814 079  0.781 0766 0753 0.701 0.632
80.0 0.861 0852 0837 0822 0809 0797 0747 0.678
100.0 0.885 0877 0863 0850 0838 0.827 0.780 0.713
200.0 0939 0934 0925 0916 0908 0900 0865 0.811
400.0 0968 0966 0960, 0955 0950 0946 0923 0885
600.0 0979 0977 0973 0970 0966 0963 0946 0.917
800.0 0.984  0.982 0980 0977 0974 0971 0959 0.935 .
1,000.0 0987 098 0984  0.981 0979 0977 0966 0.947

CPARAANOOO00O
SY=XoX-T-T-T-Yo WY N

\1’ A2 (r/mg) 6.0 8.0 10.0 20.0 40.0 60.0 80.0 100.0
—_ .

0.025 0028 0030 0033 0033 0.031

0.1 0.030 0.029
0.2, 0.042  0.045 0046 0048 0045 0042 0039 0.038
04 0.067 0.068-— 0.069 0067 0060 0.055 0.052 0.049
0.6 0085 008 0085 0080 0071 0065 0.060 0.057
0.8 0.100 0.100 0099 O009* 0079 0072 0.067 0.063
1.0 0.113 0112 0.110 0100 0087 0079 0.073 0.069
20 0.162 0.156  0.151 0.133 0113 0.101 0.094 0.088
4.0 0222 0212 0203 0174 0146 0.130 0.120 0.112
6.0 0264 0250 0239 0203 0169 0150 0.138  0.129

- 8.0 0.297 0.280 0267 0225 0187 0.166 0.153 0.143

10.0 0324 0305 0290 0244 0202 0.180 0.165 0.154

20.0 0417 0.391 0.371 0311 - 0256 0.227 0.208 0.195

40.0 0.521 049 0465 039 0322 028 0.262 0.245

60.0 0.586 0.552 0525 0443 0366 0326 0.299 0.279

80.0 0631 0596 0569 0482 0400 0357 0328 0.306

100.0 0.667 0631 0603 0514 0428 0382 0351 0.329
200.0 0769 0736 0709 0.617 0522 0469 0433 0407
400.0 0.854 0827 0804- 0719 0624 0566 0.527 0.496
6000 - 0892 0870 0850 0775 0683 0626 0.585 0.553
800.0 0914 0.8% 0879 03811 0725 0668 0.627  0.595
1,000.0 0929 0913 0898 0837 0755 0701 0.660 '0.628-
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