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1.1 HistoricAL ReVIEW

' girder is post-tensjoned by high-strength tendons and ihe composite action

CHAPTER 1

INTRODUCTION

:
k)
oo

E]

Prestressing of steg1 structuers is a design cohdept.that has
been used mainly as a remediaj~§91ution in old structures. Ihe éoﬁceﬁ%“
has been utilized re]ative]y‘infthgent1y in new designs, even though
research has been done in %he field éhd séme economical- and structural ad: {
vantages have been achieved in these projects carried out until now. A

" A number of examp]es of the utilization of th1s technique are A
found in Europe, South Africa, and‘North America, show1ng the feas1b111ty-
of th]S concept.

In Gg&rpny a three span continuous girder, br1dge was built in
Montabaur. The girders are prestressed by means of high-strength cables
located in the inner face of the girders and having parabo11c shape. é&
girders work in composite action w1th the post-tensioned precast concrete
‘deck. h ‘ . ’ ~

In Belgium? a prestressed simple-span béx fype.compogite steel -

bridge girder Has been patented with the name of Willstres System. The ¥

betwegn the precast deck and the girder 1s ach1eved by prestressing cables

and high-strength bolts V’, .
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In Poland?® post-tensioning was used in the design of combined
steel cable-stayed and concrete deck br1dge across vﬁgtula River. - Post-
tensioning was alsotysed for increas1ng the capacity of roof girders of
industrial buildings, and for-the coﬂ§truction of long span-steel girders =

=

.. on *'Supersam" shopping center2!*?2,
In England® tests were conducted in two simple-span prestressed
steel trusses in grder to obtain a design ‘criteridn for the construction

. of an overpass in London.

in South' Africa® a highway bridge was pui]t near Brits, which

employed the Freyssinet system’to prest%ess stegl box girders working

o

compos1teJy with a cast-in- place slab.

L ]

k

In the United States» ach1ghway br1dge was erected near Des Moines,
_ Iowa, using hybr1d steel beams pre teﬁ§1oned by we1d1Sg high-strength cover-
plates onto a beam deflected under concentrated loading. This Joading is

not released until completion of welding.

&
"In the United States® again, a single span highway bridge was

constructeq near Bellingham, Washington. The bridge consisted of two ’
delta girders, prestressed 5} strands embedded in concrete in'h box .which
lies along their tension flanges. A precast concrete deck was used but
it does not work .in composite action with the girders. -
In Mexico’, on the Chihuahua-Pacifico railroad tive bridges °
* 9

/ .
were constructed using prestressed steel girders working compositely with -

__the concrete deck.

N

1.2 Tvypes-oF PRESTRESSED STEEL GIRDERS

Prestressed steel is a construction techniaug in which a steel
member is subjected to a predetermined concentric or eccentric force, so )

that stresses opposite to those produced by the.gxte nal loads are intro-  «

D e s et e T DUV S
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* duced in the member in order to counteract the ekterpaT\ﬁoadhEk As it .

is seen, the concept of prestressing steel elements differ from prestressed
« ’ ,

concrete in the point that-in prestressed concrete the'prestPessing force ~

uis'mainly used to overcome the lack.of tensile strength ‘in the concrete,

,whireas iﬁ‘sfee?, the prestressing is(dsed to increase the bearing capacity

f tbe member or to achieve a smaller member.size and thereby a reduction -+~

in wefght. ™ : : / '
: &

Bgs1ca1]y, there arg three genera1 ways of prestress1ng stee]
‘.v"'\‘;‘ \)'\"r

girders. One method 1s ‘to use end- anchored hvgh~s¢ngngth w1res or: rqu
Another, called Hybrid, consists in stressing components of the g1rder 1n
onder to 1ntroduce stresses in the unstressed components. The thifd method
consists in cast1ng concrete e]ements into the flanges of a deflected

¥

stee] g1rder -

oA,
O

In the method of prestressing by usrng high-strength cab]es or

. . *
v

rodsy some variations ex1st. .Theyﬂare illustrated in Fig. 1, 2 and 3. i
* - The system shown in Fig. 1 has been ueed to reinforte o1d bridges.
It consists of a trussed beam with a steel or wrought iron rod and turn-
buckle. The rod is fastened to each end of the' beam, and exerts a negat1ve
moment by means of the inclined struts located near the third points.
Fig. 2 is a variation of the Previous example, but is snot as
'-efficiedt as that in which the cables are located outside the beam.
%1§.§3 shows sectional ayd elevation viewslof'a wide-flange beam
which has been prestressed by two §§raight highfstrength.rods acting against

the end bearing block. For simple span beams, straight cables are more
S . ‘

" advaritageous than draped cables. _
‘ ressing components of Hybwid beams is a second method of pre-

stressing steel members. One version of this second method is similar to

the principle used in pre-tensiening concrete members (FKE}/4)‘

-
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N In this method, a dlrect tens11e force is app]ieq‘to a high’

strength plate,* and while tension 1s maintained, the. plate 1s welded ta

S - b

., an unstressed ‘T or "I section, Qéﬁstructura1 stee] when welding is

completed, the force in the p]ate is released, thereby éﬁhﬁeving the pre-

L, {
stressing. ¢
T Fig. 5 shows another alternative solution for Hybrid beams, in

e siaaasintinke

1

_ which a steel I-beam is defiected in loose contact with one or more high=

Ll et s

strength cover-plates.. While the system is maintained in a deflected posi-

tion, the cover p]ates are welded to the f1anges of the girder. Subsequent

release of the jack load yields the des1red prestress - <

- N < - . w
. a, Fig. 6 111ustrates a method of prestressing, whEre”eegteel beam

is first def]ected, then a concrete e]emeﬁt is-cast into the flange of,

the g1rder

This method is ca]]ed the "Preflex Technique".? In the. top>y1ew,
the jacking forces are applied in a downward direction to a steel beam
1 !

which has been cambered upward. . In the bottom view, a concrete element

~ s cast in a composite manner with the Yower ghrtion of the bdam, and

following the strengthening of the. concrete, jacking forces$.are removed,

thereby inducing compressive forces in the concrete. -
)

~ ! Vs e
. 0

< N \ - A

3
S ke : -
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Cover-plate /

A Figl 5 — ﬁ?estressing by Qef]ec;ing a Beam and Attaching Cover-Plates. °

. . / Jacking force
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| /chking force =y—

Step 1 — Jack forces are applied to girder furnished by /miil with pre-~ .

determined camber.
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Fig. 6 — 'Diagrams'Showing "Preflex Technique”.
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v, Step 2 — ‘Concrete is cast while Jacking forces are maintained.
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2.1 INTRODUCTION E

j ChapTER 2 . »
_ THEORETICAL APPROACH, - = x
® -

1

|

3

[

By p?estressing structura] e1eme7ts stre&ses opposite to those
due to external loading are 1ntroduced in the e1ement, so that stresses

in the element will be reduced by the ;j)1t1on of the prestress1ng force.

In the case of trusses}wher theqe is on]y ax1a1 .Stresses,

compressive forces are app]igd to the’members in tens1o; by magR&xof high
strength cabTes, thereby increasing the capaci@y.of such members to
‘carry greater tensi1é forces. In,begms, where beﬁding stresses are of
prime importance, the introduction 6f eccentric p}estressing forcg; ori-
ginates stresses of opposite sign to those stressés produced by externally
applied loads. In this manner the capacity of the beam is'inq;eagéd
considerably. It can be said that the greater the eccentricity with

respect to the gcentroid of the section, the greater the capacity of the:

2

" beam to carry loads in bending.: .

«Stresses in a prestressed beam may be comparéd with those in a

beam-column with eccentric load, where the bending ’sttess becomes more

significant than the axial stress when the eccentricity of the load is

1nc7§ased. ) o " N

[ 4

-
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* the beam,in zones where the allowable stress is excegded. o~

«vv.v".._.._._.—.—.,..-.—_.———-.w—‘.‘.._,.“,u.‘«-
-

In an eccentrically Toaded column or in a prestressed girder

stresses are given by the expression:
gl 0T

(Note:,eccentriéity exists only’with respect to x-x axis),’

1

4(\\where the first tg?m.gives the axial component and the second the bending

component, with the teﬁsion in the opposite side to the apg]ied’force.

The stresg distributiqn is ‘shown in Fig. 7. It can be\noted
that differént stress distributions can be achieved Dy varjing either the
éﬁp?ﬁed force or the ecfentricity, JWhen a beam i§ ovér1oaded and stresses

exceed the allowable, the introduction of prestressing cables provides a

means of keepihg Stresses within the allowable Timits. This is ‘the case

" for an old structure where the bending capacity needs to be fﬁqgeaged.

In the case of new @ridge design reduction of structural steel -

is achieved by using prestressing cables. i

In Fig. 8, it can be seen in the stress diagrams how the prestress-

ing ‘counteracts the stresses due to the deadzﬁoad and live load acting in

4

1

2,2 PRESTRESSING MOMENT IN SiMPLY SUPPORTED GIRDERS

- . ¢

-

. ¢ . .
Different moment diaé?ams can be obtained by varying the eccentri-

city and the location of the prestressing cables along the beam. For simply

supported beams, straight cables along the tension flange provide the most
, 0

simple so1ution; "Howgver, some advantages can be achieved by draping the

cables. : - v

e

o

When a straight cable along the bottom flange is used &the pre-

) -
stressing moment is constant along the beam and might cause reversal of
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'Fig. 7 — Stresses due to Prestressing.
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_bent.cables, the moment diagram is more rational, with a maximym moment
..at the center where load moments are greater and Zero or very small moment

at the supports, where stress due to loading are very Tow.

‘Fig. 11. " Let us cons1der a two span cont1nuous br1dge-w1th a straight cab]e :

' along the bottom flange. (It should be noted that this is not a cenvenient

stresses at some points in the beam. In the case of draped or parabolic-

3

-

In Fig. 9 the prestressing moment diagram for~hoth straight and

1

" draped cables is shown. o

Another advantage of the draped cable is the contr1but10n w1th
oppgsite shear forces to those of the external loading. In cases where '
the shear is critical these cable kgc jons may prove to be advantageous.

Fig. 10 shows the shear diagram due~to the prestressing cables

- as well as, the eouivalent load for this cable shape-(It will bé shown later

that this approach is very useful in computing the prestressing moments in

-

continugus girders). ' 3

2.3 PRE’STRESSING MoMENT IN CONTINUOUS. GIRDERS

o o N . -

ﬁs tt’was shown previously, computing of prestneesing moments was .
accomplished simply by ﬁu]tip1ying the nresttessing force by the correspond-
ing eccentricity (M = Pe). However, for continuous spans this is not trne
because a secondary moment is introduced 1n the system-by the prestressing

L

forces. This 1dea is easy to v1sua11ze if we study the 111ustrat1on in
”\.

location and it is chosen just to illustrate the method).

If the centra] Support is removed (F1g 12) the girder will bend

upwards, produq1ng a deflection Ab] at the centrah support due to a

N
. -

1
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constant bendihg moment.along the girder (basic moment Mb).

IR - . In order to prevent this uplift a force Rb jn the gentra1 sup-

port is required. This’force produces a bending mo;ent (secondary moment

Ms) of opposite sign of ‘that ofotpeABagic Moment aqd the final prestress-

e ~ _ing moment (M&) is the superposition of both moments (Fig. 13).

oo~ ~
case easily by the consistent deformation method, from thg condition that

f‘ . ) thé vertical displacement at the central support should: be zero. In this
' wayvhexestéblishythe compatibj]ity condition for the central'support and

find the value of the redundant Rb(Fig. 14).°

A

Ebl- where Bg1 is the

0 =28y7 = SppRy —> Ry = o

“‘vertical displacement at b 1in the basic structure due to the prestressing

AN forces. . : : Ca—

dbb is the vertical displacement at b due to a unit load ap-

plied at " b.
: T From any manual we get: . > ’
. /
- . M2 ope(a)?* _ PP (21)3 K

S : f17 BT TeEl ' %b T gEET T ,LlT‘wE :

substituting A . ' x

Y, Ry = ¢l . Pe(2L)? -48El _ -3Pe

S gL X T2L)3 C ]

Then,.we get the -secondary moment-at b to be M; = 372 Pe and by super-
imposing both the-basic moment and the secondary moment we get the f1na1
prestress1ng moment’ (Fig. 15). )

Discussion of results: As we can see in Fig. 15 the méximum
secondanyemomént~(Mg) is 1 1/2 times the basic moment (M,) and.
ST the final prestressing moment ishquité different'as expected, with a posi-

tive moment at the central support and negative moment at the ends.
[+

/
- /

PR T e PR e

The evaluation of the secondar{ moment is performed ih this ]
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Fia. 12 — Uplift in the Beam After Removal of Central Support and
. the Basic Moment Diagram.
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LiKewise, we know that for a two §pan girder loaded uniformly
along both spans we have maximum negative morént over the central support

and maximum positive moment at the midspans.| By observing diagrams {n

1 ¢

Fig. 16, we can see that the prestressing in the girder produces favorable.

moments only at the central support, thus counteracting the negative.momenf

of the uniformly distributed load.

It can be seen from the former di%cussion that the resulting pre-
stressing moment is not quite efficient, especially in zones of maximum posi-

tiVe moment and at the ends where the moment due to external loads is zero

-

but ' the ‘prestressing moments have a significant value. -

Therefore, the ideal prestressing moment d%agram is the one '

that fo]]dws, to some extent,  the moment diagram due to external loads but

v i

with opposite sign.

It should be also sought in a ration$1'design-that the sécond-
aty moment produces favorable stresses in the most critical zone of the
structure, as in the case of previous\discussion where the secondary
moment prod;ced a cons%derab]e positive moment ;t the central support thus
counteﬁacting very efficiently the negati&e mgment due to external loads.

Now, in this past of the discussion, a concordanf moment . dia-

gram will be aimed for, in other words a moment diagram with a shape close

/
to the moment diagram due to the external loads but with opposite sign.

It is known that, in a désign of a bridge, stresses due to self
weight are generally greater than stresses due to 1ive 1loads. Also, the
dead Joad moment diagram is wunchangeable during the 1ife of the bnjdge,

whereas the live load diagram is constantly changin? with ,the action
. .. . J

- »f the moving Toads. Therefork, in design of a prestressed bridge, it

LRt T wnrd b
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%‘ q 1S prefefab]e to -counteract the action'Qf the dead load that has an unchange-
; able moment diagram.

According to this criterion the ideal concordant prestressing

¢
N

moment diagram is that 6ne with a parabolic shape: since the shape of
moment diagrém for uniformly distributed dead load is a parabola.
It is ﬁé;s%b]e to create this concordant prestressing mohent by
' _ Mmeans of a parabolically bent céb]e. Howevér, parabo]ica1'céb1e configur- -
,‘ation wi]]lt»be treated in later discussion using a faster and more powerful
method of analysis. 1In this case, for the sake of clarity and to understand
‘ the .concepts of concordant moment diagram and secondary moment, straight
] ' draped prestressing cables will be cqpsidered (Fig. 17). .
. Again, the method of cqnsistent deformation w]1 be employed and
the'centra1 suﬁport will be chosgn as a redundant. The baSic stfucture is

then a.simp1y supported beam having as.a 1oad the prestressing cables. The

basfc structure bends under the influence of the load, ,giving-a vertical

deflection (Abl) assumed upward. The bending moment diagram of this basic
3 N N ] A} L .
‘ . structure (Mb) corresponds to the shape of the cable and is expressed in

teyms of P, e;, e, (Fig. 18).

v To find the deflection Ab1 the virtual work method is ysed..Axial
.and shear deformations are neglected'since they prodGce small deformations
Ve

g8
compared with those deformations due to\bending.

Then, the general expression for deformation at any point is — »

¥

2 "'

. . mM dx
A / i .

7.
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Fig. 18 — Basic Moment Diagram for Draped Cable Arrangement.
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“where ' M *{s the moment due to the actua} loading in the basic structure,
m 1is the moment due to tihe uni‘t load applied at the po1ﬁt and 1in the
direction of the desired deformation. )

JIn this particular example the unit load is a vertical unit ]
force applied at the point where the central support is rgmoved (Fig. 19).
Taking advantage of the Symmetry the integration is only taken over half the .

length. Substituting values at EI constant, the integral becomes: -

L - L

.2 [ PexYg o [ (zx\[p Rertes (.
AL Erf (2)( T_i‘")dx +/ (2)(” LT *h) Pez)d’ﬁ
o ..

=

1
%

+ Pleg + e))Lix?
4(L - L)

N

m
—

'= __2__-& 3- . P e + e 3_ 3 P"(E1 + EQL1(L2- |.’21) Pes 2 2
gL L2 _L(—_'g'GL-Ll (L¥-1n) + === reg (U Ly)

[ 2 ' - . N

; . 2

PeéLx ) P(81;Ez) (L2+ LLy + L3 + P exz €2) (L, + L21) + E%—(Lz- Ll):l
. ) , 3 )

mlm
—

i S Py

2 [pes (U8 12 W, . 12 2) e
= £ | Fe2 Ly L% LLy Ly Ll Ly (L° . Ly, ey
ET 2(33 3 _3+,2+2+2+2)+2(
by ) Q. 4 ' A
2 2
L2 Ly Ly, W, L)) :
333777 ’
AN -
A = P (L2+ LL,) + e;(-2L2 + LL +L2) 2.1
bc‘g"E"r ealL 1 epl- 1 1 « e 8 e s e e s . :

-1

Now we sét the" compatibility equation for the central support to satisfy

o ot o S 0

the condition that the displacement in the actual structure is zero (Fig. 20).

| . /

< e
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’ []
where ‘be is the displacement at b due to a vertical unit 1oad app]ied
at . b. ‘ ‘

, . Solution for be is given by:u

Then, By substituting expression (2.1) and f2.3) into (2.2) the value of

[

R, is obtained: . ‘ ( o A - T

R, = ‘{1 [ez(LN LLy) *+ el (-2L2 + LL, + Lﬁ)] e .. (2.9)

Once the reaction at point b is known the secondary moment at b’ is

1

found by statics:

M= - Re p [ R : Coo |
S —2—' X Lf’/-_-: '2—[-1‘ 'EQ(Lz + LL1) + El(-2L2+ LL1+ L1) v s e (2.5)

Ca i
Now -the final prestressing moment is ‘found by superimposing the basic

moment with the secondary moment. Computing the prestressing moment at the

“

i middle support we get:

Mp =My + Mg = Pey + ; [ez(l. + LL1) + ey(-2L% ¢ LL)"‘ L1)J

Mp ‘%L‘z'[e2(l.2 + LLI) + 81“.[.1 + Lzl)] . . ~. e a e s e s . (2.6)

. S
Fig. 21 shows the resulting prestressing moment diagram. \
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Fig.19 — Moment Due to a Unit Load.
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F.19. 21-Final Prestressing Moment for the Draped Cable Configuration.
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Giving numericgl values to expression 2.5 for secondary moment -

it was found that the secondary monent is most of the time positive, unless

e [2

the value of e, is very small compared to e;. This means that in this cable
configuration the .secondary moment makes the prestressing moment at the
middle support bigger, so that the prestressing nﬁment‘oountpracts very

L

efficientlythe maximum negative momert existing in the middle support due

‘to the uniformly distributed dead load

As a conclusion it can be said that this draped cab]e configura-
tion is more effect1ve than the straight cable aJong the bottom flange be-
cause the final prestressang moment yields a moment diagram with a shape

closer to the dead load moment diagram but with oppos1te 519n (Fig. 21).
+ C . . B -

L

2,4 EaquivALENT LoAD METHOD

PR

In the previous discussion the traditional approach-of consistent ’

«~

deformations method was successfu]ly applied in deriving expressions for

A

the prestressing moment of various cable configurations in continuous gir-

‘ders under prestrpssing. In this part, the Equiva\eni Load Méﬁhoqiwi11_

be treated. ' . ,
This method of analysis is a more versatile, general and simpli-
fizd method because it can be usad automatically and easily to aha1yze
prestressed cont1nuous bridges having any type of prestressing cable config-
yration. It also may be app11ed in analyzjng frames under prestLess1ng

‘}n orderdto illustrate the equ1va1enftﬁoad method the f1na1

prestressing moment for a two-span continuous prestressed bridge will be

“ found.  The shape of the prestressing cable is shown in Fig. 22¢ This

shape is the most general cable conf1gurat1on and it encompasses all the-. \

* N

k-
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@

-

. , [}
examples previously discussed.

*

7 The method consists in determining equivalent externe?1y applied
forces that produce the same effects in the structure as those forces
“ind ed by the prestressing cab]es This method of analysis is explained
in Khachaturian's book® and the sequence of calculations ie as follows:

-The first.step is to determine the statically determinate pre-
stregsiﬁg moment or bas%c moment (Mb). This is an jdea]ized bending moment
that ﬁhe prestress{eg cables would prdduce §n the actual structure 1f”no
seCondary moment existed inAtheosystem In other words, it is the peestreSSr
ing moment that would e;ﬁst in a s1mp1y supported beam having the same over-
all dimensions and the same- prestre551ng forces of the actual statlcally

1ndeterminate structure under analysis. Fig. 23 shows the basic moment of

the continuous bridge under consideration. Once the basic moment is found
~ 1

+

<

its eorresponding statically determinate .shear (Sb) shbu]d be derived.
fhis #s done in a reversed procedure than in the usual way. For our contin-
uous bridge the shear is shown in Fig. 24, )

' From the statieally determinate shear q%agram we can go back
to find the corresponding equivalent loading for the continuous bridﬁe. .
Infindiqg the e&eivatent'loaqfng it is assumed that the Eori-
zontal component .of -the prestressing cable is equal to the pre-
stresynm force Carrying’out the computation in a reversed
manner, the equ1va1ent loading 1s obtained (Fig. 25).

As & ver1f1cat1on it is recommended to carry out the calcula-

tions start1ng now from the equivalent load in order to arr1ve to the basic

moment énd check whether the same basic moment diagram is obtained.

-

v "“,T“’"FJ:“N‘@‘ rane
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. Fig. 22 — Gerleral Draped Cable Configuration. - /.
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Fig. 23 — Basic Moment Di'agram (Staticaﬁy Detenff;natg‘ﬂement).

©

°

 Fig. 24 — Basic Shear Diagram (Statica]’ly Determinate Shear)
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7 We éaq see in diagram Fig. 25 that the 3 conditfons of static

equilibrium ZFx-= 0, ZFy = 0, IM = 0 are not satisfied for the continuous

.g'irc'ler yet. They-are only satisfied for a simply supported beam.

N Next = Step is to selve our continuous girder with a system of

loads equal to the equivalent loading (Fig. 25) already fouqdi

For the case of constant moment of inertia in the continuous
girder the most suitable tool of analysis is the moment distribution

method since end moments for the type of loads existing inithe equivalent

W

loading system are given in handbooks. - . Co

¢
Now we proceed to compute the end moments. Because of the sym-
metry in the structure we only need to find the end moments in one spaﬁl
o . . :

Also due to symmetry, the relative stiffness for each of the two spans is
the same and therefore the distribution factor (Dij) at fhe central sub-
port has the same value. i

. The equivalent 1oad}ng system is split into its component loads,

@

then the fixed-end forces are calculated separately for the'various concen-

trated_loads. Fig. 26 shows the calculation of the fixed-end momeﬁ?%.

By superposition the total fixed-end moment is found:

./

= 2

Mt -?PI:Z [e32L2 - (eZ’ES)(Lz"IT%) - _-(L_l:'—l.—) (e2 + e1)(Lz 3)

Ls 2 12
+. L= Lo (82+81)(L 'Lg)]
N o ‘ u
Becaﬁse of the symmetry of the girder the fixed-end moment in the span on

the right is equal to the f1xed end moment in the span on the 1eft but
with oppo\ﬁte sign; therefore, there is no unbalanced moment to d1str1?ute

in the central joint and the total fixed-end moment already found is the

final prestressing moment at the central support

\.

\
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The fixefi~end momefnt for & fixed-pinned beam is given by next expression:

ﬁg) M= ooy (eg- e3)(I2- L;)

v

J
1

[3

Ple,+ e "

T-Lz _ PLy ) (12-15)
{ . - eyt e -L2
' %) M= JéLz(ia— iz) -

' L-L2

B . . 9

P$°2+ elg -

Ly - In e ‘
l%p Ty o Phalegr &)(r2- 1)

L, L -Ly 1 2L*(Ls - La)

AN S |
L]

.Fig. 26 — Calculation of Fixed-end Moments. ;
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Rearranging the expres§1on for the preséressiné moment at the cen-

0

@

tral support we get:

R e R Ml R A
P

-
X

[e32L2 - ea(L2-'13) # es(i?- L3) + (-L2L3* L3 + L2y - L3)

=
x
u
Bk

i 14

y : Ez + e]
: L= L2

s . o
’ * N 3
[93(3L2‘ ) - ex(L2-3) + (L%(Ls- L) * Lo L;) {—Z—?L]

=
=)
“ n
» %'U

rd
-

12

and this expression is the general formula for the moment at the central

, * 7 i - N
As it can be seen, the method of equivalent load, compared with

_the method of consistent deformation‘exp1ained at'the beginning of the
chapter is faster gnd more powerful since it can besapplied automatically
to a continuous beam with any number 6f spans. It can also be applied -
. " to certain types of rigid frames. |

r We can summarize the method in two simpfé steps. First, from
the basic prestressing moment diagram determine the equivalent loading in

the structure. And second, solve the statically indeterminate structure

oo

" under ;he action of the equivalent load system using moment distribu-
‘l
tion or any other suitable method of analysis.
From the general expression already- found it ‘is possible to

.+ derive formulas for more simple cable configurations. It only éuffices

to make certain parameters in the general formula (expression 2.7) equal

to zero.

- -

|

1 : _ support in our two-spaﬁ continious prestressed girder under study (Fig. 22). "

" i N 4
If ey in expression 2.7 is made equal to zero the cable configur-
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ation shown in Fig. 27 1s obtained. It can be noticed that thg end

}

.cable anchorage is now located exactly at the neutral axis gf/ihé girder.
In this way, the prestressing moment at the ends of the girder is elimina-
. Py

. ted.

Making ey = 0, expression 2.7 becomes:

c

9 - ‘ 3- 3 . X
Mo - %L‘z[‘“z' e, + -+ LLfafz,)_: Lo Ls o (ep+ el)]. ce .. (2.8)

For the case shown in Fig. 28 the horizontal bottom portions of the cable i\\
in both spans is deleted. Hence,. L, =L, and e; = 0 in the general .
expression, Now the formula for the moment at the central’suppi:,

becomes:

2 - 3- 3 ‘
o[- 0 e s L=l ]

Now as a last variationandalso as a check of the metﬁfd, the formula for
the case previously developed by the consistent deformation method at the, ~

beginning of the chapter (Fig. 17) will be derived.

L]

3 _Fon,th1s\cab1e configuration there is no portion of the cable
that 1sghor1zonta1;a11 cable components are inclined as shown 1nvkig. 28a.

In this cable configuration L; = Lo, Ls= L and ey = 0.
D

Then:
- [ 2y _ 313 ’ 1
Mp - 2{_2_ __(LZ_ in)Ez + L (LLL:)L': Ly L (e2 + el)
‘-*~ o - ' 3 ) N ) T ‘
o e g e e ]

. .
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Fig. 28 — Genera]lDraped Cable Configuration with ey =
La = L.

/

L, I~-L,

L
l s

Fig. 28a — General Draped Cable Configuration‘ﬁith “ey = 0 and
. L, =L, and Ly = L. s
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Mo = 27
Mp = 20z
S =P
Mp-

[
'
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- 31 -

- 2 2 ' ' .

(- e + BB (0 4 )] o
L . '
Lﬁu%ﬁnz-uu+ﬁnh+mﬂ

S (- 13+ ULy + B)ep - (LLy # Lzl)'ex]
L . J
L(Lz + LLl)ez + (LL1 + sz)e1] e e e e e e e e e e e e (2.10)

This résu]ting expression is exactly the same as expression 2.6, calculated

by the

|

e

iconsistent deformation method. The minus sign arises because a dif- -

- . .
ferent isign convention was used in deriving the general expression by the

Equiva]?nt Load Method.

‘.

2.5 PRESTRESSING MOMENT IN GIRDERS WITH PARABOLICALLY BENT PRE-
STRESSING CABLES 5

T Nwe—

Theoretically speaking, parabolic bent cable is the most effi- '

cient configuration to use in prestressed continuous bridges because the

moment introduced:by the prestressing cable has approximately,all along

the Tength of the.girder, an 1nten21ty proportional to the moment produced -

by the uniformly distributed dead load of the bridge but with opposite

sign. .The magnitude of the prestressing moment depends on the amount of

cables {prestressing force) and in the location of the cables.

In this parabolic configuration, the prestressing moment " /

counteracts the dead load moment in every location of the whole Tength of

the bridge because the shape of the prestressing moment dfagram is similar

.to the shape of the dead load moment diagram.

e

i :W‘k{%m%, Ka
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- In the case of moving live loads, the 1live load moments are not
" direct1y counteracted because they vary with the load position, but by

counteracting the dead load more capacity is 1éft in the girder to with-

stand 1ive load. Capacity that in ordinary design will ‘be only acquired by
increasing the size of the cross-section and consequently the weight of

.the bridge.

* In the Khachaturian and Gurfunkel® Look, “Prestressed Concrete",

expressions for continuous prestressed girderJ with parabolic bent cables

are dérived. They treat ¢he case of prestressing cable supported/by making
« contact with the concrete throughout the length of the girder. ¢Ihere, the

prestressing forces are transmitted to the girder by the pressure exerted

by the parabolically bent cable on the surface of tontact all along the

girder:_

This solution of support tﬁroughout the prestressing cable is not

.i . advantageous to apply in prestressed steel bridges since it is not practical
to fabricate a parabolic bed e(‘guide and weld it to theestee1‘girder web
in_order to support the prestressing cable.

Due to this disadvaﬁtage an a]ternativejso]ution is "proposed:

. to support the prestregsing cable on saddles or‘“hold-downé“.1ocated in
points in the girder distributed at regular intervals, so that the result-
ing shape of the cable will approximate ‘the desired pgrabo]ic configura-
‘tion. In fa;t,the resulting shape o?.the cable will be a po?ygon made 7

> out of short straight portions of cable following a parabolic pattern. The
;maller the segments, the closer the polygon will approximate the parabo]a.
| To illustrate the equivalent toad method applied to parabolic

cable configuratibn,a numerical example will be worked out in this section

instead of dériving a general symbolic expression that would result in-- —

\
=

. extra-lengthy expressions.
4 L ‘
o
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So far, ébnstént moment of inertia has been considered in the
continuous girders. This example will be still considered with constant':
moment of inertia a]1'alon§\tns“girder but later this same configuratQOn
will be repeated to illustrate the case of variable moment of inertia.

In Fig. 29, the geometry of the continuous bridge is given
(half bridge). It shows also the lTocation of the neutral axis and the
sattfites (devices hoiding the prestressing cable). S “

It should be noted that the shape of the cable over the central -
support does not approximate the shape of the dead load bending moment
diagram, but this shape is preferred because it gives a gradua] change in

N

the prestressing moment .. A]so, with this shape a reduced angle of bent

of th% prestressing cable 1is obta1ned thus reduc1ng the loss of prestress
. due to friction on curved cab]es.

| + In calculating the prestressing moment the same‘steps as pre-
'vious cases are followed. First, the basic moment dfagram (statftally* k
¥ “ determinate moment) is plotted. This diagram has the same shape as ‘i}

prestressing cables in the girder.

; " From this moment diagram, the shear diagram is calculated an

then the equivalent loading is ascertained. In-this case, the equivalent
--1oad1nq\system is a set of concentrated loads (Fig. 30). (Only half of

" the br{dge is shownbecause of the symmetry).

N6w_the fixed-end moment in one of - the spans is calculated

!Fig. 31). SpTittng the equivalent loading into its components the fixed-
end moment for each cSMgoneﬁt is cbmputed;and thén by superimposing all
the contributions the tot 1 fixed-end moment is evaluated (Fig. 31).
‘ Again, because o\ the symmetry there is no unbalanced moment . _~_“__,:,
over the central support aZi\ no moment distribution is requ1red There-
fore, the final prestressing ﬁbm t is the fixed-end moment evaluated in

, Fig. -31. . )
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| Note: all measurements-are in inches. %
T
3 3.34
6.30
- ~
, Fig. 29 — Geometry of the Parabolic-polygonal Configuration. . \
1 i \ )
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Basic moment: 2,585 P
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Fig. 30 — Determination of the Equivalent Load System.
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v Note: all measurements are in inches.
J o )
i The fixed-end moment is given by the formula:
P
l ‘ ) M= gy )
—.%,-v_ a .' b . )
Contributions
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»%’18} 135 — ) .
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If the ‘prestressing moment is desired at any point'a]ong the
girder, it is necessary to superimpose the secondary moment "on the basic
moment at the desired point. The final brestressing moment diagram for

this example is plotted in Fig. 32.
It has been seen that the seconda}y moment is originated‘by B
the tendencydof éhe girder to bend and have an'uplift under the action of
the prestressing forces. This uplift is ;estrained at the subports and
therefore causes a reaction at the suppérts. This reaction alone creates
the secondary moment that varies linearly along the girder. ’
Also as a reminder, we saw that the basic moment is found-by
multiplying the prestress1ng force by its correspond1ng eccentr1c1ty
about the neutral axis of the cross-section, and that the bas1c moment
diagram has e&act]y the same shape of the prestressing cable in the girder.
He can see in Fig. 32 that secondary moment is again favourable
since it increases the prestressing m&ment over the middle support where
stress due to dead load has its peak Prestressing) moment also helps at
Uthe m1dspans where ma X.imum pos1tﬁve dead load moments exist.
As a verification for this calculation, the final prestressing
mgment over the support was "evaluated Qsing Khachaturian's® expressions
for support throughodt the Tength of the cable along the girders and it
was found to be My = 5.867P against M, = 5.80P in this example. The fééult-
. ing discrepancy of 1.08% is ﬁeg]igib]e.
' Therefore, it can be concluded that'the approximation of using
a parabolic polygon configuration supporfed on saddles is sufficient]y

valid and that, this solution is preferable to the one of support throughout

the length of the prestressing cable for prestressed stee] bridges .because from

2
7 ‘ I ———

i3

——

T “ﬁx‘W’?\” “, FQ?;;- .?,ﬁs E::‘L;’&q"" ’__";:gr;;r,l:\',\':"" e e i




Basic moment: . \ .

{
'“
Secondary moment: . \ 3.215P
\ (+)
. M

Final prestressing moment: , ; ‘

Fig. 32 — Evaluation of the Final Prestressing Moment by Superposition
' of Basic and Secondary Moments.
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'EH? technical pbﬁnt'ofﬂview, the saddle supported cable has lesser friction
* befween the cable and the supports, and from an economic point of view, over-
+al] cost’is reduced by the utilization of saddles instead of a "bed" or

"guide" all along the girder.

. .
t A s

2.6 ANALYSIG OF PRESTRESSED CONTINUOUS GIRDER BRIDGES WITH
Cover PLATES

d o

In previous sections prestressing of continuous girder bridges hav-
ing a constant cross-section was di;cussed. In this sgctibn, a methad of
analyzing préitressed‘g%rder bridges with varying cross-sections will be
developed since it could also be convenient to design a prestressed girder
bridge having cover-plates in cr%tipal zones in order to avoid heavy pre-
stressing. -

The equivalent’-load methad can also be used 1in analyzing continu-
ous gi}de( bridbes w%tﬁ cover-b{ates sinfe the,same steps described in pre-
vious‘discusiions are followed here. fﬁé only variations are to take 'into
account the new, rigidity in findiﬁé“tbe prg§tressind moment and to consider

“the abrupt changes in the neutral axié;at the points where the cover-plates
" start and end. ”

Again, the basic moment'(stéiica11y determinate momeﬂt) is compu-
ted as usual by multiplying fﬁé p?gstressing‘forcé by its eccentricity about
the neutral axis. In Fig. 33, the gegmetry Af this new example is shown.
It can be seen that the geometfyﬁis the sémg as prévious éxamples except
for the addition of cover-plates in the zone® over the middle support whéfe
negative moment due to deé& load is crftica]. This addition of cover-plates

" is reflected in the switch downwards of the neutral axis in this particular

LI

zone.




) i , ‘ . ‘ N ’l/ ". ) l ’
j . 'Theﬁuning%as{c moment (staticaﬂy detenninate moment) will

’ be sketched in two ways 15 order to clarify the effects of the abrupt
change of the centroid on ‘the moment diagram The first diagram is shown
in_the traditional way w1th the ord1nates of the moment at ‘each point

. ' referred to a straight axis (Fﬁg 34) There is a sudden jump in the dia-
;gram-in the point where there is a change in the cross-section of the girder.,

In the second djagrqm (Fig. "34) the discont1nu1ty or abrupt change occurs

; . ‘ in the reference axis so that the shape of the diagram does not suffer a

L]

. sudden jump. Therefore,'the shame,of this moment diagram resembies the
shape of\the«prestressing‘tablest . . - ' e
For the sake ot ciarity and simplicity the-basic moment wil] ‘be
.split intotwo ordlnary moment diagrams so that ‘he evaluatfon of the shear
forces and equivalent Toading is fac111tated (Fig. 35) ) s e
. It can be seen in Fig. 35 that d1agram b 1is the same as basic
moment dgagrém of previous example (Fig. 30) and that the other component N
_of. the basic moment (diagram c) is 2 continugus moment along the zone with -
_the co er-plate;' This means that the‘ebrupt downward‘change'of the néutrat&
axis fs equiyalent to introducing a constant moment. ’This makes sense

‘ hecadse by lowering the neutral axis the eccentricity of %he prestressing b

force, was increased in the zone where the cover-plate -is located.

For the evaluation of the shear forces the operations are carried

- ~.» out iR a Feversed manner stérting from the basic momeht diagram. In this'
f N ' case diagrem-cembonent ’b in Fig. 35 is used sgnce.the constant moment
‘ . in diagngm c daes not originate any shear. Therefore the shear diagram
t' - obtaaned (Fig -36) is exactly the same as that of prev1ous example (Fig. 30)..

9!'

The equiva]ent loading. is found from the shear diagram, which

e in turn, yields the concentrated loads and from component moment diagram c _ R
I . ~ - - L

a T N &

g
4
. . v




i
. i3

- 40 -

v

+ Note: all measurements are in inches. e . ',,A;
N R -
.
L9 3.34
6.30 -
¢ /

Fig. 33 — Geometry of the Parabolic Configuration in a Continuous' Girder-
with Cover Plate. '

~N

1st 'diagra.m: ¢

2.60p —

k.53 p —
5.59PF

2nd disgram:

v
s

5.85P

Fig. 34 — Configuration 6f Basic Mament in Two Ways. .

L o : . B
Diagram b: , 2.29%}}5{
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that gives the equivalent externa11y appli moment at the points of changé
of cross-section (Fig. 37)
Now that the equivalent lo ‘1ng system has been sorted out we can
proceed with the evaluation of the inal ﬁrestféssing moment. In previous
examples, where the equivalent load method was illustrated, the moment dis-
tribution method was emp]oyed to find the final prestressing moment in the
girder. In this new ex&ﬁb]e the con§1stent deformation method will be
employed since, in the moment distfibution method, the evaluation of the
fixed-end moments for a beam with giffergnt cross-sections requires more
'lénéfhy ca1cuia€ions than the,evé]dation of the end-rotations needed in the

: . : {
soiution using consistent deformations.

fﬁ thé solution of continuous girders with simple supports at the
ends‘py consistent deformations, the fastest and @ost direct way is by
choosing the moment over the supports as redundants. Therefore, in our
example, the moment over the middle support is reléaéed in order to get a-
statically determinate gifder and then the compatibility equation is set in order
to solve the continuous girder'(Fig. 38). )

For any set of loads. in our two-span continuous girder the com-

- patibility equation is (Fig. 38): : o

0 =ty + SpeMy ,

where, . , _ ‘ .
Th1 is the relative rotation at b dye to external loads, and

s Spp is a relative rotation at b due to a unit moment at b.

Solving the compatibility equatkon yields the general expression for the

moment ower'the“midd1é support for any system of loads.
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¥ Note: all measurements are in inches.

, ’ o7
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’ 2.66 p
i : o
‘ Fig. 36 — Basic Shear Diagram. ’
\ ' i
| . 4
. 2.66 19, 281, .80 1 02 .123
1 s/ F8F Ef- 18 1 P BP 6* —ﬁgPIB—Plsp
A A R -k N
? \
\ 5 ———
—8 428 4 18 18 | 18 18 , o7 9,9,
Fig. 3& — Equivalent Logging System.
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. , Fig. 38 — Compatibility Conditions. :
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In our example the system of loads is‘the equivalent loading already found,

. consisting of a series of concentrated loads in different locations and an
externally applied bending moment. Therefore, formulas for the end-rotations\
due to a single conceﬁtrated‘load and due to exterpa]]y applied moments in
any location will be developed in this section in order to employ them in

’ this andlfurther examples.
) In finding the end-rotations ;he principle of virtual work is used.
The geoﬁetry of our example is given in Fig. 39 and the momqnfs of 1;ert1a
"~ of the two d1fferent €ross- sections are included as well. h
' ‘ Because of the symmetry of the g1rder and symmetry of the loads
- - on1y half of the girder will be considered. o
‘The coefficient 6bb is computed using the virtual work formula

. L '
‘ 6 = n.\_z_q-&. . . ,
bb El : o ,
0

]

-

where m {s the moment along the girder produced by'a unit momené applied
“at the end where the rotation is required (Fig. 40). .

Substituting and. then solving, we have:

' ' ’ 117 153 , \
1 : P xzdx = ¢ dex = 045771 .
K] /2 be = ]:TTO_ * I :!0 i E, )
) L 0 nz :

To fiﬁd‘half of the rotation over the middle support (1/2 Tb1) the virtual

-work expression is used L ,
| . ' oidx '
B ' . ~ T o= j{ =1 .

" Where M is the moment in the simply supported beam due to the

external 1oad, Which in this case is a single unit concentrated load.

Lo . RN ' )
' When the unit load is between the outer end of the girder and’
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the point where the cross-section changes (0 < a ¢ 177) an expression for
Tbi is derived from Fig. 41.

~ L-a

12 Tb'l / Q'I-f— X2 f Q_[__. '|-x' dx / .11x| 'I_E'

36

1/2 7y = -1.1921 x 10'5 ga +12.6635 x 1071 %a

- substitutipg 1/2 Tb1'int0 the expression for moment Mb, we get:

Th1
Sbb

M, =

= 2.6045 x 10‘5%a - 5.8192 x 107 %a e e e L 2a1)

for 0< a< 177.

Now, Mbvis found for the case when the unit load is in between the point
of change in cross-section and support b (117 < a < 153), Fig. 42. Set-
ting up and solving in terms of a, ve get: '

117 .. a L-a

: : ay x? dx a ., x'?% dx'
172 1, / (o_-%i)%%’ig.+f (Q'gr’rk’r;z*‘][ I RLE
o L bV 0
\ 3 ,

= ‘ ~ 9. - -6 :9_ 3
172 41 12.4294% 0.106958 Ja - 8.0412 x 108 L a

substituting into the expression for Mb above we obtain:

T . ' ’
oMy e we2rassg € 223377 a4 1017568 x 1070 3 a0

- e e e . (2.12)

for 117 < a < 153.

Expressions for the moment at b (Mb) due to an externally applied unit moment

at any point along the béam are now developed.

—
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For the case when the unit moment is app11ed from the beam end

to the point of change in cross section (0 < a < 117), an expression is

developed from Fig. 43a. ' - ;o
This gives: .
a ) \ 36' s ' L-a
e o Mx2dx o ‘M, x'?y odx' Mo _ XEy dx!
. V2 f?ﬁ"f r(x*—r)m\'.[ L. '%)‘T_E-
o 0 0 "9 0 36 o,
K ‘ .
i 1/2 T3 "= - 0.26635 [ + 3.5764 107° 8 a2 R
’//‘ and for méoment at b we get
s Mg -5 M .2 |
Mb :58192 E 7.8137 x 10 E 2 B (2ﬂ13)

s . o
v

* for 0< a<-117.

' In the same way; Mb is obtained for the case‘when‘the load is
L ‘between the point of change in cross-section and the support b (Fig. 43b).

Working out the expression for Mb’ we get:

117 - a L-a
i M y2 dx M o dx f Moy X2 dx'
1/2 7, f rz X E’r“/ L X ekt T T R
, .0 - ° 7 0
- M 5M ,
i 172 1, -0.106998 & + 2. n2a x 107 8a
} !
3' then: . )
r . M 5.2705 x 1070 M a2 ' (2.14)
Mb 0.23377 E'- R X E-'a ...... e o o o » .

Now that expressions have been derived for the moment. at middle support

o

f, for 117 < a g 153,
|

due to a unit concentrated load and an externally applied unit moment, the

: \\ | |
a \\\ \
% 9 — \\\
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where K = 1.4825; then I, =K = 135.468 1in* =

Fig. 39 — Geometry and Properties of Continuous Girder with Cover-Plate.

L . ﬁMb=l {-
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—x x' \ |
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N : - :
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Fig. 40 — Moment in Girder Due to a Unif,Moment Applied at b.
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| Fig. .41 & 42 — Moment in Girder Duy to a C trated Load.
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Fig. 43a & 43b — Moment in Girder Due to an Externally Applied Unit Moment. ‘
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prestresging moment for the\continuous girder bridge with cover-plates under
the'act1on of a parabolic bent prestressing cable can be readily evaluated.
' The loads shown in the equivalent loading system determined at
the beginning of the example (Fig. 37) are now utilized in the computations.
Finally, by substituting the numerical values of the’various concentrated
loads and externally applied moments in the expressions for"Mb just derived

we get the final prestressing momenﬁlover the middle support to be: -

M. = 7.2548 P

b
where P is the force exerted by the prestressing cable (in pounds)~and.
the units of M, are 1b-in.

The”fina1 prestressing fbment diagram can noﬁ>be piotted in the
same manner as the previous example, but to avoid repetition it is omitted:

Comparing thé result obtained in this example for the moment
over the middle support (Mb = 7.2548 P) with the one obtained in the pre-
vious example of the same continuous girder bridge but with no cove} p1ate§
(ML = 5.80P), Fig. 32, it can be concluded that the addition of cover-plate h
makes the prestressing cable originate greater prestressing moment over the
middle support; this is.to be expected since the rigidity of the continu; '
ous girder bridge over the_midd]e §upport was increased.

Therefore, in design of continuous prestressed girder bridggs,
it could also be advantageous to add cover-p1afes in zones over the supports
where the critical negative moment exists, in order to make the prestress-
ing cables work more efficiently and at the same time to avoid a very heavy
prestressing when a very shallow depth is required in the design of the
bridge. ‘1 : ‘

It has to be added at éhis point of the discussion that expres-

sions 2.11 and 2.12 for moment over the middle support due to a concentra-
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ted unit load can also be employed in calculating influence J)ines for the

" moment at any point along the continuous girder, Inﬂugnce Tines could -

-,

be useful in the final stage of design when stresses due to dead load, pre-
stressing and Tive load have to be superimposed in order to find maximum -
stress and check the stability of the bridge ﬁnder design.

As a generai conclusion for this chapter, it can be said that'

evaluation of prestressing moments in continuous girhgp»bridges “or even

in rigid frame bridges under the action of prestreséﬁ'ng forces. exerted by

_high strength cables having any configuratwn can be readﬂy tackled by

the equivalent load method that proved to be very -versatile and fast.

v
-]




CHAPTER 3

-

PLANNING OF THE EXPERIMENTAL PROGRAM

¢

., In order to confirm the validity of the analytical solution

dev&loped in previous chapter, an experimental investigation on a scale

_ model was conducted as a part of this research.

A few experimental studies have been carried out in the field of
prestressed steel girder bridges in the United Stat§§‘°’§’;£ur0pe2’3’9 and

South Africal?, but, to my knowledae, none of them has been applied to

- continuous girder §r1dges.

In planning a scale model for the experimental program various

" considerations have to be made regarding size,-materials, fabrication

methods for the scale model as well as instrumeﬂtétion and recording of o
1nfo;mation during the tests. - In the following discussion§;all of these
aspects will be treated. . T
. o \ ‘ '
3.1 Puawnine oF THE MopEL | ~

3.1.1 Size
In deciding on the Eize of the model éwo,limitations were relevant:
the space available for the model in the structural ]aboratory and ﬁhe
cost of the model itself. ‘ i | S
Since the ;pace assigned for Fhe model was 25 feet; a scale re-

duction factor of 50 was found to be the most suitable for a continuous

- 49 -
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girder bridge prototype of 500 ft long (see Appendix A). A.smaller factor

- would have resulted in a model that had been too large, and a grgatér

) factor wou}d have yielded a very small model that would be impracticable
to work with pecause of the resulting shallow depth which would make the
placement of 'tbe ‘prestressing wires and the ;train gauges very awkward. It
was also cﬁnsidered that in a medium-sized model, reading of the strain
would be more accurate than in a'small model.

‘ Fabf‘jcatibn tolerances were also tsaken‘ into account in dec_ic'ling' :
on a medfum=gized model. Detailing and cementing of sma‘H: models are labor-
fous and critical which increases the cost of fabrication.

Regarding cost, it was found that the difference in cost of mater-
fals for a medium-sized model compared to that of a small-sized model was

too 1ittle to justify the sa;rif,ice in accuracy and the convenience in per-

fbr‘ming the tests that a medium-sized model provides:’

3.1.Z Materials ' ' \

Three different materials were considered for the model: steel,
aluminum and plexiglas.

—Steel is the ideal 'materlia1 fo‘r the model because it is th°e same
material of the prototype and hence they have the same propertﬂg and they
behave in the same manner under the action of similar loads.

However, for fabrication of models steel has some disadvantages
such as: the diff'icu]ty in welding thin and s%ﬂ phlate elements that are
required for‘ the asserpb]ag%pf the model; distortions in the model due
to the heat generated in the welding process; and the excessive weight of
the steel that wod]d make the nodel very cumbersome to handle.

Aluminum was also considered as an alternative for the model

because'of 1ts 1ight weight and 1ts low Young's modulus that produces
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greater deformations than the steel under a relatively small Toad. But
it was found that distortion also appears after cooling of welding and
the material weakens substantially after the heat is introduced during the
welding process. A1l these disédvantages and the high‘cost of fabrica-L
tion m?de,this alternative a poor choice for the model.
Plexiglas is a resin material wide1y‘used in structural models.
It is an easily machinable material. Strong connections canrbe achieved
by caneqting thé different parts with a bonding solvent. However, creep
in plexiglas exiéts under the action of sustained loads. This is a char-
acteristic very undesirable for'modelling but it can be overcome because
most of the creep occurs in the first six minutes of application off;he
sustained load énd‘dfter which the modulus of elasticity displays little
a . variation. >
- After studying the pros and cons in the three materials under
consiaeration, plgx%g]as was chosen because of its ease in fabrication-and
. . handling. In oréér to overcome the problem of creep it was decided to
_é]]ow the g]exig]as to creep until stabilization, ‘after which reading of
the strain could be accurately effected. This operation should be ;epeated
1-;5 any new variation in loading conditions. The problem o} ¢hange of prop-
erties with the variations of temperature was of no conéern’because all

A

the tests were to be carried out under constant temperature.

-~

3,2 DesieN AND DESCRIPTION OF THE MODEL C\

¢t t

' 3.2.1 Similtude Conditions ; \ |
. “ - The design of the model wés made fo]fbwing the principles of ’
‘ 'Mijmilitude outlined in the book by. Kinney!2? in order to have a specific

relationship between model and prototype so that behaviour and response

1 e A QIR Sty OIS ' N nos—— " I -
Ty ayanee Nl W ot T e v B

8, g 1.
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_ of the prototype could be predicted from tests on the model.

In. the case of statically loaded 'structures, as the case con-

sidered in our study, the following conditions of similitude should be ¥

[y .
satisfied: a) all corresponding linear dimensions and linear deflections
“ must be in a constant ratio b) corresponding external loads, internal
elastic forces and dead loads must be also in a constant ratie. These con-

stant ratios are called "scale factors" and by applying these scale factors

< .. to the dimensions,}properfies and loads in the prototype, the correspond-
ing dimensions, properties and loads for the model are determined.
From the application of the principles of structural mechanics
the conditions of simi}itude gée dérived12 and they are.expressed mathemati- -

cally in terms of the parameters involved and the scale factors. -

e
=ir
‘
.

; (} | Similitude in length is given by: v

S R T (3.1) { .
4 N : ) - ~ e

where . k 1is ;the scale reduction factor fors length and it was previously ‘_ .

set asizohin order to meet the.]{mjtations of space and workability. (The

dash on the top of the symbol indicates that the parameter refers to the’

model). x S : a« . P

Similitude for Area is: |, - ‘ e

- k’z% e e .. (3.2)

|

|

]

E b

E e whére z 1s an drbitrary factor introduced to give more flexibility to the
|

]

|

Fl

>t

© L

design of-the,wode1 and it wilT be called "'prediction factor!. H be |
seen later that corfésponding thicknes§ fn the e{e;ents §€ the model is

not possible: to achiéve according to’the scale factor "k" and that thick-
‘ness is chosep.arbitrhri]y as convenient orn§ﬁbord1naté to the availability { N
of materials. . This makes thg 1ptroduction of the prediction factor neces- 2

sary.

\
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The re]atﬁon of moduli of elasticity E/E makes pfovisions for the

use of a different materia1 in ‘the model than that of the prototype. The

othgr conditions of sjm111tude to be satisfied are: ' \\
\ . ‘, - ; v‘)x i .
Section Modulus: | . gh* K3z E-’.'. ........ ... (3.3)
R ' \\ Ly ‘sf -.u - B \\
. - - T £ ° s | o
Morent of Inertias’ . —=K2ZE .. eteoene .. (3.4)
. . ’\}- I . . . ¥ N
- . ’ L A ) v - )
Deflection: S S e e e os .. (3.5)
- - A- . . - -
s !‘ Y ¢ .
Strain: : '.'é' =/] s s e . . (3 6)
- ’Eypquﬁratedfloadt %-= k?z . . f’f:.. e e (3
Uniformly distri-", o . d
buted load: - o 2B KZ et e e e e e e e e e e e (3.8)
J‘ A : . : v M 4
y ' ' e
~ :"Bending moment: %-5 Kz .. e e e e e, (3.9)

;f ;hou1d be noted that conﬂitibns'3.3 ;ﬁd 3.4 Qou]d be auiomaticaliy saqé
isfied if the scalte factor k were applied in all directioﬁs in the model
but;'aslmentioned earlier, corresponding thicknesses are 1mpract1;a1 to -
achieve. Therefore, by satisfying conditions ?.2}“2.3, and 2.4, results
with no more than 1% error were obtained.!® ‘

3; Condition 2.5 for defleizion,is satisfied if the coﬁ&!tion of

moment of inertia 1s satisfied. The contribution of the shear and axial

deformation exists in the model under the actions qf loads, but generally, ¢
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1

in theoretical computations for practical structures it is not considered

since these deformations are negligible compared to bending deformations.

- A

3.2.2 Sectiona1 PrOperties and GeOmetryiof the Model ‘§~
1 TP
In this stage similitude condittons are* app1?e- 1n order to scale

down the dimensions of the prototype to find the geomefry and properties
of the model. .
-In Appendix A, the design of a two-span Cantinuous bridge is, pre-
.sented. This bridge fs'used in this study as a p ototype. It dimensions
and sectional propertteg are showz in Fig. 75. fhe steel used in the design
of the girdg.§ in the prototype 1s A36 with a podulus of elasticity £ = 29 000
ksi.‘ ‘ '
' . The mechanical properties; of ‘plexiglas are taken from the fabri-
cator s manua1 1% The modulus of eJastic ty is E = 450 ksi and the rupture
flexural strength is f = 16,000 psi but working stresses should not exceed
2, 500 psi according to the fabricator'y recommendations. /
. The dimensions of the model /are found by scaling down the dimen- ‘
gions of the prototype according to hg scale factor k = 20. However, in
this model stody, %t was gécided for reasons of workability to utf1ize a
distorted model that would allow the use of a more convepient scale reduc-
tjon factor in the vertical\direct'on ano'honce to _have a greater depth in
. tho cross-section that would facilfitate the installation of%prestresoing
 ires and strain gauges. It was found practical to have a depth of 10 inches
tn the cgoos-section. The deck of the model was made out o 1a §1ng1e

5 . / ‘ . !
.plexigias sheet. The ribs of the deck in the prototype are rot reproduced
1n'the model because they can be substituted by using mOre mEtenHal in the
s

lution that

!

deck bx means of a thick plate. | This is a more economica1




;does not affect. the behaviour of" the main carrying g1rder of the model as

long as an equiva1ent sectiona1 area ofop]exig1as in the mode] rep]aces
}he area of the ribs 1in the prototype.
| In Fig. 44 it is shown the homologous (corresponding) cross-section
o "A" used in the central portion cﬁithe modeT oyér the middle support. The
Lé breadth of the cross-section is 6ﬁe-§went1eth of the breadth of the proto-
- type. The dgpth is 10 inches for the reasons explained before Fnd the
thickness of the plates were chosen arbitrarily seeking only to have the

~

centroid of the cross-section in the same relative position as the cross-

B
are also shown in Fig. 44.

section "A" in the prototype. The geometry and the s;ctgifal properties
¢ - From this cross-section chosen arbitrari1ypthe predicfion factor

(z) of the model is derived. This prediction factor must be emplbyed in

further determinations of homologous quantities in the model in Qrder to

be consistent in th% design of the model\\ Therefore, the design of homolo-

gous cross-section "B" is not as adaptable.. Prediction factor (z). is

derived from similitude condition 2}4 for moment of inertia —

pui

I_ s, E
- k*z 3

‘ / N ‘ Z = F‘r

--ulo-a

E s ) |
o592 . A -
3 . “\\\//,

The theoretical homologous area for cross-section "A" {s found

from similitude condition 2.é

! A -8‘ E A = 2 = 2
/ A L -16.35 1n*>A, = 8.83 in

-~

It 1{s seen that .the similitude éondition'for area i{s not sitisfied but the

'
!
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i
homologous cross section "A")is accepted Providing that oorrections in the
resu!ts are made to ‘make up for th1s"dev1ation.‘ The corrections to effect
are explained in later‘discustions. )
. The reouired ooment of inertia for homologous cross section "B"
is found from similitude condition ig4% its determination is accomplished
‘ according to the"ogeo1ction factor (z) previously found. The moment of .
inertia of cross-section "B" in the prototype is I = 1,446,352 in*

- . (Appendix A); therefore, the homologous moment of inertia should be:

1 .
T - E X 2 4
IX = Ez 'Er,- 98.3321 1n

| After several trials a section with the homologous moﬁznt of inertia was

? found but this sectiop had the 1imitation of not having the centroid in

- the same relative location as that of the prototype. Consequently, adﬁust-
ments had to be made to correct the effects 1ntooduced by tﬁis devjatfon A
of the homologous cross-section "B". The geometry and sectional properties
are shown in Fig. 45. :

}

The theoretical homologous area for cross-section "B" is:

>
]

= 14,35 1n’->Ra = 7.46 in?

mllm
7:'>

*

Again, the homologous area is not satisfied.\therefore corrections had to -

be made with the resu]ting strains in the model so that stresses in the

!

prototype cou]d be accurately predicted N
Once the homologous cross sections A & B are found Athe mSEew
s designed by scaling~down the longitudinal dimensions and the main fea-
"+ tures of the prototype. Final drawings for the fabrication of model are . '

shown in Fig. 46. '
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Note: all measurements are in inches.:

— 16.8 .
- - - 3 0.188
T Y '
. 365 —0.188 0.188—+ |o—
.;{._._._JH( ______ n.a. ————— .Jr. —
1.0.00
5.635 ,
£ X I_.J 10'5 L1
2.188| . 2288
fe— 12.2 .
\ » o

A
a

I
x

St
Sy

= 8,83 in?

= 146.998 ‘in*
- 33.677 in’
= 2%.087 4n®

Fig. 44 —__ Geometry and Cross-Sectional Properties of Cross-Secqion'"A".

~—. Note: all measurements are 1ln inches.

9.688

5

' Progerties:

Ka = T.46 in?

”

. 16.8 - ’ N
l0.188
f 1
3,%0 —4 — 0.188 0.188_ le—
F———r—— - — — n.g, — ——=——— H — —
6.328 Txa
. B
. 3 . ab
L4 .
1 r—%=— 30.188 r—— :
2188, T 12,188, -
- " 12.2 o ’

98.336 in"
29.267 in®

15.540 in?
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3.2.3 Prediction of Stresses in Prototype
From the results obtained in the model, homoo gous corresponding

stresses can be ascertained for the prototype by applying certain correc-

\

tions to the strain readings in the model in order to satisfy condition

T TS e ATTT TR ARG TR L A T e TTESRERATETERARTI
7

2.6 of equal strains in model and prototype. Once this condition is sat-
' isfied, the homologous strain is multiplied by the modulus of elasticity !
¢ (E) of the, steel to get the stresses in the prototype. In this manner

E the transfer from model to_prototype is accomplished.

The first étep'to be made is Ehe separation of axial strain from
bending stragdn, because the strain rggistered by the strain gauges during
the tests is the comb;nation of strain due to bending moment and strain due
to axial forces. Aa\ s

This separation of strains 1is necessary in order to make the
corrections to the deviations introduced by the distortion of the model,
in othe; words strain should be réso]ved into 1ts axial ‘and bending comp-
onents so that ‘corrections can be made 1nd1v1du;11y as corrections to the

4 axial strain are different from those needed for bending strain. \
\ The method employed in the division of strains is simply that of
placing strain gauges in the top and bottom fibers of the cross-section
under study. In this way, be;ause of the T1inearity of strains 1in tge elas-
tic range..the existing distribution of strain is known 1in that particular

N

cross-section. . g ,

In Fig. 47, it is shown how the, combined strain is resolved into

bending and axial stdain. From Fig. 47 we can formulate two reﬁafibns to

express the condition of strains in top and bottom fibers.

: - - - -G . -
€ = -'_—,Cbe'f's -Ezﬂf:l?-ebe'f'ea
d ‘ d S

-




. - 61 - .
| E? Solving for €ye and E, We get:
} "‘
3 - e ‘
R e - ¢ R [
‘ d. d -
fﬁ* . where €; and €, are takenas absolute values regardless they are due to

compression or tension.

Now that axial and bending strains have béeﬁ separated the correc-

j}i-%'l ) tions can be effected individually to axial or bending strains and then,
accomplish the transferring of stresses to the prototype.

. There are three corrections. to be made: one for the variation
16 debth, another for the shift of the centroid from the hémologous loca-
tion and the other because;of lhe deviation in the theoretical homologous

' {
cross-sectional area. .

4

The correction ‘factor for the variation in depth is. determined

by establishing the re]&fion between the strain in the homologoﬁg‘iqfa1
.cross-section and the strain in the actual cross-sect{én of the model
" (Fig. 48). The strain in the extreme fiber varies correspondingly as the
depth changes.
From Fig. 48 a relation is formulated:
I I S N T A :
B+ & 8.+ & t b/& ta/baL °
et T & ta = “ba a '

t

The, ét;rrection factor is thus the ratio of the depth of\ the ideal cross-
section to the depth of the actual cross-section a/aa.

To make the cdrredfion for the shift of the neutral axis from
the homologous location, a relation for the strain in the extreme fiber

I

. ‘Is established from strain diagrams of Figl 49a. .
‘ - / ot

¥
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E where: ¢; = strain reasd at the top of the cross-section
] ‘ Ez‘ = strain read at the bottom of the cross-section
E‘-be = bending strain b
i Ea = axial strain , ,_ ]
¢, = distence from centroid to extreme top fiber
, ©, = distence from centroid to extreme bottom fiber

a

4

Fig. 47 — Splitting of Strain Into Its Bending and Axial Components. ,

°

Ideal strain - Actuel strain

‘ it ¥
N r 3
) > 3,
- d
k4
JL‘ °
X -
. , ' . - °.
" vhere: -4 = depth of the ideal homologous cross-section
| d, = depth of the actual cross-section in mpdel
‘ ' Et = gtrain at the top in the ideal croes‘%gction.. e
. €, = strain at the bottom in the ideal cross-section
g; 8 Eta. = gtrain at the top in the actual cross-section
/ E‘ba =7\g‘train at the bottom in the actual cross-section

Fig. 48 — Strain Diagrams in Ideal and Actual.Cross-Sections.
\ '-\ - 9
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Ideal location of

Actual location of

neutral axis: : ‘neutral axig: _
' ‘T-
" le
- "a
d
. X
2, | - “,
E
Y BBy .
\ ! o !
vhere 4. d = depth of homologous cross section
& = distance’ from neutral axis to extreme fiber in
homologous cross-section
Ea = distance from neutral axis to extreme fiber in
actual cross-section s
Et = strain at the top in ideal cross-section
Y Eb = gtrain at the bottom in ideel cross-section
Eta = strain at the t6p in actual cross~-section
'Eba = strain ‘at the bottom inactual cross-section

: \
Fig. 49a — Location of Neutra1 Axis in Ideal and Actual Strain
Diagrams.
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- the strain in the distorted mode1 by the different correction factors
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‘,1
Since the total strain in the two cross- ﬁections {s the same be-

[4

cause they have equal depth .and moment pf 1nert1a; we can write -

- +- ”= - +- . P .

67 % " ta'"%ba oo e
then - . . R

L - 2 £ =Lt ¢ ,
, = = —> ft T “ta

€t €ta ¢ a

a

.Therefqre, the correction factor for the shift of the nehtca] axis {s -the
ratio ot the distance from the neutral axis to the extreme fiber in the ideal
cross-section to the same distarce in the actual cross-section(E/E ’
It 1s possible that the moment of inertia in the actua] mode] may

differ from the calculated because of errors due to tolerances in fabrica-
“tion. Therefore, another correotion should be introduced to counteract this
possib]e error., The“correctioh factor in this case is the ratio of th
actual moment of inertia to the calculated moment of ipertia 1 /L With
this, homologous strains for the theoretical ca]cu]qted cross-section are ‘
\determined. 'h | ) ’

“ Now that the correction factors have been found the expression
for predicting the stresses in the prototype 1s assembled.

" We know that stress in.the proto\ype is equal to the product of
modulus of e]asticity and the strain, j.e., f = Ee.. We.have seen that

p
in order to satisfy condition (6) of strain, (e = £) we need to multiply

already defined. So we have that strain in prototype is:

- "o I o
e —g—-o-c—— a E . . " e » s = PR Y T | LI o“ * = (30]]).
- . da “a ‘ ' c
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For the devi ation in the homologous cross-sectional area another correc-

tion is introduced so}'t»hai‘t axial stresses can be also predicted 1n the pro-‘

Y
) . totype once axial st 1n have been separated from bending strains by the
.7 method previously e lained. }he correction factor/}n this case is the
: \\\“' ' ‘ratio of the actual -area in the cross-section to the homologous ideal
. :! ’ r ', . N N :
) areghlha/A. o e
e 5 The cond&tioh of equal. strains ep‘='E can now be satisfied\an?
i i ! . f 5_
R the strain in thJ prototype is found by pultipiying axial straj,n’}g,the *; ,
» J distorted‘modelfhy the correction factor Ka/i s follows: S/ L

ooooo

324;Loads in Model ‘ | - o

/ - A definite relation shou]d exist between the load in the model
: the load -used in the desfgn of the prototype This relation is given
.. ’ by the conditiohs of similitude stated in previous discussions and 'has
o . to be satisfied so that results obtained in the model could be useful in .
: i the prediction of stresses 1n ‘the actual br1dge (prototype).
| ﬁ In our study, the effects of two loads are of interest: the
prestress1ng and the\ Tive Toad. Stresses due to dead lofd can be eva]ua—‘
ted directly in the prototype once the weight of the bridge is known or,
in the preliminary stage of design,: l;y assuming an approximate dead loada

o

]
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found to be P =

3.12 thus becomes?

g .
not be justified since

~ or equivalent live load|

{ - T
/ - 66 -

' \

7

In Append1x A, t Arestress1ng force in the prototype was found

to be P=1,344, 000 1.,

centrated load 5 - P

k%z
567.1 1b.

4 sma]ler.preetressing force/in/ the model.

"s1icing factor” (Y) was 1
on the tests on tte_model.
arbitrarily tf use. Thus,
prestressing force was app
in. diameter. _

' By using a smalf
1n‘the.prototype obtained

times smaller, which is ¢

theJ b( using re]ation of simi]itude 3.7 for con-

the prestressing force required in the model is

However, it was found more practical to tse a

ntrPduced “in order to work with a smaller force
prestressing force of P = 200 1b was chosen
the slicing factor value was Y = 2,836. This

! . .
1ied by means of 2 high strength wires of 0.055,

er prestressing force -than that required, stresses

through results in the model would be 2.836

Therefore, in order to g

with formyla 3.12 must be/ multiplied by the slicing factor (z).'

|

f=Y

/
\

For the determination of |the homologous

-

Formula

.?L
32
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o
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ve Joad to be used in the tests,

the AASHO!S HS-20 Tive 1pad used in the design of thé prototype was consid-

ered in this calculation

uniformly distributed equi

. The truck load was chosen in preference to a

valent 1ive load on the model since the uniform

1 N
" load would require more preparations for the test; preparations that would

SHO gives the chofce of using either truck load

Besides,\the truck load represents the actual

conditions more closely| than the equivalent Tive load./

Therefore, another factor called .

he}reduction introduced by the slicing factor (Y).’

t valid results in the prototype, stresses computed
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Two loading cases were studied: the case of maiimum negative
moment over the support waen both spaﬁs aré‘loaded (Fig. 49b) and,.the case
of maximum positive moment at the midspan occuring when only one span s
Toaded (Fig. 4%). |

The load W specified for the truck load is 20 tons or W = 40,000

1b. Thereforé;;bx using expression 3.7 of similitude for concentrated

load § = -FSQ- apd by 1ntroduc1ng_§pe slicing facfor ZY) already found we
get thaf'the‘homoiogous weights to be ﬁsed in simulating the truck load
are: 0.24 = 1.19 1b and 0.82 = 4.76 1b (see Fig. 49b). These weights must
be applied directly on the main girders and‘not on the transverse beams 1in
.order to prevent transverse.stresses in the model that would make inter-

bretatjoh of results more complex.

3,3 INSTRUMENTATION

Strain gauges were employed in the measurement of strains in the

LS

model during experimentation and they were strategi¢a11y located so that

1ntensity of bendfng moment could be known at the most critical points oy

in the model o ,
Stnpin gauges were 1nsta11ed by pairs at all the different
, points to be studied. One strain gauge was p1aced at the top fiber and
the other at the bottom fiber of the same Section. This 1nsta11at10n by
pairs was used so that the values of the strain 1n the. extreme fibers )
would give the required exact\strain distribution 1n 2 desired 10cat1qp
in order to accomplish the sepgration of the 6en&}ng and axial strains
at the point under consideration. | ! |
Strﬁin gauges were 1oca§ed along one side onjy in one span of

"\ " the model. This 1s ppssible~because of the symmetry of| the model and

the prestressing wires with respect to the longitudinal land transverse axes.
. { \ v
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v

R e

In this way, the nunber 'of ‘strain gauges required for the tests was con-
' siderably decreased. : .
The strain gauge‘Iocatfons are shown in Fig. 50. It can be seen

that they are distributed all along one span and that they are more closely

TR TR AR Re Y

locéted near the middle support where more attertion 1is put in the design

of a continuous bridge because of the critical negative moment produced

Q

by the uniformly distributed dead load and the 1ive load as well.

e e B

sjf’% ’ It should be noted that strain gauges are only placed at points,
} in between transverse beams where the cross-section is not affectgy by any

cuts during fabrication. In this way undesired stresses due to holes and'

e

Mo TRy ML N VPP RO S

! cuts are avoided in the tests. - \

~—

3 ) The prestressing force app]ied by the prestressing wires in the
E model were measured with a steel- load ce11 having the shape and dimefisions

shown in Fig. 51.‘

1}
2 [

Two strain gauges were installed on the flat faces of the load-cell

t

" - for measuring the exigting ai%&T'strqin. Two gauges were necessary in order

to eltpinate any possible bending strain that could be introduced in the

Co load-cell by thé‘éxistence of any small eccentricity. This bending strain
;ﬂ i wou1d not be e11m1nated with on]y one. strain gauge placed on face of the
* load ceT1gbecause the benddng strain i that face would be added to the
axial strain, whereas with ‘two oppostte strain gauges the bending strain
is e]iminated when the read1ngs of the two gauges are added because of
the opposite sign of the bending strains. v,

e The loadscells were calibrated in the Universa1 Testing Machine

ava11a61e in the Structural Laboratory. so that the exact axial strain

{ in the 19ad-ce11s wou1d be known for. a specific load even without knowtng

the cross- sectional area and modqus of e]ast1c1ty of the load-cell.
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. Once the load-cells are calibrated, the corresponding axial

strain 1n the load-cell for the prestressing force requiréd for the tests

can be known. ‘In this Qay, ‘the exact prestréssfng force {s applied

to._the model and the possibility of introducing an error will be lessened. .
For the reading of the strains regi\stere? by the strain gauges

the Data Acquisition System (Digital Data Logge;', B&F Model ‘SY'ISI-é-'IOO-

V4-P4) available in the Stl:uctural Laboratory, was utilized. This apparatus

has capacity for simultaneous‘ reading of 30 independent c‘ha‘nngls and can

perform any reading at any desired time.

“x
o
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.  CHAPTER 4 . I |
JEXPERIMENTAL PROGRAM

4,1 FABRICATION DEFECTS ‘AND ADJUSTMENTS . . :

e Fabrication of the model was executed aqccording to drawings'
(Fig. 46) provided to fabricator. For ease of fabrication and trans-
portation, the model was divided into three sectiorfs. Once the model was
on place in the structural 'Iéboratory. 1t was assembled and cemented per-
-manently and then supported on ca‘refuﬂyr levelled pooden support stands
(Fig. 52). - .

Measurements of the model were according to the drawings, but

it was found that the plate thicknesses did not exactly coincide with

those specified in drawings bécause of existing tolerances in the thick-

ness of plexiglas sheets.

y

Since it was not feasible at this stage to correct this defect

in fabrication, 1t was decided to use the model in its actual condition
( _ . L
but some adjustments would be required for the interpretation of stresses

from model to prototype.

| : After measuring the thickness of the various plate elements in ' , E
t}\e model at random locations, an avei‘ag‘é for the thickness of the differ- '
ent elements y&as determined so that cross-sections made out with average ° §

plate thicknesses could be used in computations and in this way minimize 5
. _ ¢

Iy . v
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errors. The resulting g:ross--sect1ons "A" and "B" are shown in Fig. 53,
and as can be seen, the properties do not differ much from the ‘properties
of the cross-sections origin'aﬁy planned in previous chapter (Figs. 44 and
45) . '

A new prediction factor and a new s1icing factor were determined
for the new cross-sections. Using similitude condition 3.4 for moment of
inertia 1. k“z g—, the prediction factor (z) for cross-section "A" was

I

found to be 2z = 6.4286 and for cross-section "B" 2z = 6.3755. The two

prediction factors should be the same in order to have exact similitude

'between model and prototype but they d{¥fer in 0.8 per cent. Thds means

 that a small error will be introduced in the transferring of stresses from

mode'l to prototype. In the computations an:average va‘lue,‘z = 6.402, was
used as a prediction factor.

.. The value for the slicing factor (Y) for a prestressing Joad of
200 1b was found to qu Y = 2.6242.

4,2 Test Ser-Up

. Six different cable configurations were studied in separate

tests. These were chosen as the most 1ikely cable conf‘lguration for a prac-

tical prestresse\d continuous girder bridge design. They are shown in'Fig.

54 a‘loﬁvg withl the corresporiding names to. be used in further discussions.
Prestressing force was achieved by stretching high sfnength piano

wire of 0.055 in. diameter placed along the mode1 and anchored at the ends

by ‘means of the anchorage devices shown in Fig. 55. It ~can a1s<:> be seen

in Fig. 55 that screws and ,n‘%S'were used to apply the tension.to the
t? |

wire. The connection bétween wire and screw was aécompl‘l slied by using the

clamps shown in Fig. 55.

RSN

2% s S
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| Cross-sgection "B"

Note: 81l measurements are in inches.
- 16.80 .
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's't = 31.352 .in’
g5, = ok,142 1n’
)

¥

Properties:

Ka = 6.97 in?
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§b = 14.493 in®

o

Fig. 53 — Actual Geometry and Sectional Properties of Cross-Sections
in the Model.
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"Note: all measurements are in inches.
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by the Data Acquisition System: .

, These undesirable strains could not be prevented but awafyness
. of their existenae and their magnitude was necessary to account for them
\ S where app]icab!e. }t Yas decided to leave‘the first false strain due to
the heat in the strain gauge in the .final reading ofs strains since.its
oscil ticn pattern was diff1cu1t~to deterﬁine and the fa1se st;a1n 1ptr'-'

“ - < duced was neg1191b1e in comparison with actual strain in tﬁe‘model due to

- . I

\
. - . A § .
. loads. Lo - \\

-
.
~

The second undesf;able stratb due to ffuctuations'in temperature )
produces on1y ax1a1 strain in the model that can be 1soTated from the.

y - .ﬂbend1ng strain in the way explained in the previous chapter. - b
But, because of this 1ntroduction of temperature stratn tn the ' S j
model the.evaluat1oneof'the axial compressive stra1 due to-the'prestress-
. o ing force had to be sacrificed Iq this way,4the resu]ts were Timited to‘
the detecminat1on of, bending strains.that'1n the case of girders are the.
: < most 1mportant. ‘ ) | %

Y 6

4,3 Test PROCEDURE .
) ) . ‘ A ' " - B P

Before the application of any load on the model, all strain gauge Do
chenhei% were set to zero leeel‘of strafn.; This means thatntte)Tevet of |
strainiex15t1ng in the model under no-1oad conditions was considered es a
b L, point of refe}ecce The prestressing force was then gradually applied by

* the wires into the model by tightening the nuts at the end of the anchorage
devices. . | : . :
-, " : g " .Once the tot;;~EFEs§ressing force was fully applied, a time of -
seven minutes was allowed to elapse in order to let, the creep of the plexi-

glas to stabilize. The’ regjang of the strain in a11 the strain gauges was

., . , .
\ . ’ . \;-
. N >
, , P
. .
.

-

| T AN A
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then t%ken.« The§E'results thus’obtained are the strains'due to'prestress1ng

.

. a]one. They are necessary to determfne the behaviour of the model under

e haachiiah L i st Sl ok L
L4
-

~ . j\j prestress1ng and thus to obtain the actual prestressing moments 1n  the model .
* The concentrated truck 10ads,yere next, app]ied and again, allow-
E - ing the p1exig1as to creep. for seven minutes. Thts operation was repeated '
] ¢w1ce once for the condft1on of maximum negative moment with truck loads e
gs, \ ' at 0.6L.on both spans ahd the other for the' condition of maximuni positive .

‘moment with truck loads at 0.4L on one span on1y These results are neces- -

°

SR AT

sary for, determin*mg the behaviour of the mode1 under live 1oad Super-

.
"

posit1on of the d1fferent oads acting on the bridge was used to obtain the

L i

. final total stress 1n any desired Jocation. ’ \f
. Since the results obtained in.the first test with the truck Toad -

. acting on the prestressed model matched closely the analytical results _

S (Table 5.2) it was decided tarshorten all the subsequent tests by studyfng

1 Co only the behavfour of the mode] under prestressing forces exc]usive]y

é . _ ‘ The test procedure prev10us1y described was first .made 1n trial

' © )tests using four prestressing wires 1n the trapezoida] conf1gurat1on with

.. oo a prestnessing force of 100 1b. each. Two 'of the wires were in the fnner

©

; : g part of_ the two webs. the .other two‘wefg in the outer part of the webs . ‘
::“ -, .
ST T Another test was performed in the same trapezoidal conf1gurat10n but only

% ' : the two outside wires were emp]oyed with the same prestressing force of |
E ¥ 100 1b. per wire. The results obtained in the second test were exact]}

N

L " half of the va]ueséin the first test, which proved that it was' ngt necessary

LS

1 n t% p1ace‘prestressfng wires in pairs at.each_side of the web to avoid the °

excentricity produced by a singie cable in only one side-of each web: Oge

-

cable or bunch‘of caersfin only one side of each web can\be\FEadily\used

oy
hd
¢
>
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because the transverse moment 1ntrodu¢ed by the asymmetry 1s neg1ig1b1e '

a

F1g 62 111ustrates the location of the wires in both tests. ‘f

. Because of the points described above 1t was decided for reasons~
of simp]ifying the tests to perform a11~theisubsequent tests w1th on]y ’
the two out§ide w#res

A11 subsequent tests were carried out satisfactor;ly ~and resu1ts
agreed Very c]ose]y with" the ana1ytica1 results of the formulas derived
in Chapter 2 A11 tests were perfonned a sgcond time in order tp verify
the resufts obtained in the first test and when-a blunder was ev+dent
- 1n one Pf the tests a th1rd test was performed immedfately after. ’
In the following chapter, e’compar1son of,theianalyticaf and
experimental results is presented, along with comments and conclusions
about the six different cable cbhfigurations studied in ‘thé expérimental

part. . . . R ‘ , . . .

-
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before, this was possible because the model behaves exactly as a- full

. from axial strains by using expressio

S - \
) " o+ CuaPTER 5 ) ‘
S © TEST RESULTS AND CONCLUSIONS' ]
, . o —— T : .
5.1 :'PARAB_bLIC wu;s CONFIGURATION ' | e

A

Results obtained from the parabolical wire confi guration were

4

employed for the purpose of transfer'ring the stre§ses from model to

prototy’pe. ~ For the other five wire configurations cghsidered in the

experimental part of this research, conclusions will be drawn directly

" from the strains and bending " moments obtained in the model. As stated

s'ca'le bridgé since the model 'was"designed according to the‘princ%pl es of
simﬂ‘ltude outlined in Chapter 3, hav1ng as a prototype the actual bridge

designe'd in Appendix A
] ‘ S
F1g 63 shows the wire configuration explained in Chapter 2-and -

‘the locations where the strain were recorded.

Tab]e 5.1 presents the bend‘!ng strains obtained in the test

v

These strains are ut1'l1zed in. transferring the stresses to the prototype

®

(minus sign indicates compressivg' strains). Bending strains were separated -

n/3.10 in Chapter 3." In the same

table the comparison of the analytical and experimental bending ”moments
as weﬂ\gs the .deviation existing in the experimental results with ress”

‘pect to theoretical resulis are also presented. At the top of the tab1e

Al

\

© -8 - Y
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Tab]e 5.1 — Results for Parabolic Configuration.

Location of p

oint under -study -

YT TR T
T R R T

o AL et s B e

o

2

b

“Distance to . | . " " \
Central Subport 4.5" _ 13.5" 31.5" 58.5 85.5 112.5%'
‘ 1 Experimental results; prestressing force P =' 200 1b
Bending strain at
+on (mi1lionths ) -96.7 -83.5 -4Q.9 40.9 69.3 | 63.0
Bending strain at i i
bottom (mﬂ}ionths) 125.4 ]08.5 £3.1 {-77.1 . }130.7 [-118.9
Experimenta ' _raa & 1. _
| moment " (1b-1n) 1363 1178 577 503 ~853 776
: _ ~ §
Ana.lytice.i results; prestressing force P = 200 1b
Secondary NE , ) |
moment (1b-in) 716 673 | ,586 456 326 . 195
Baste o i) 684 | 563 |--16 |-923 |15 | -959
-| Prestressing o e
oment (1b-in} 1400 1236 570 -467 -832 -764
_ Deviation of experimental results
Deviation (%) -2.6 -4.7 | -1.3 | +7.7 | +2.5 +1.6
2 "ot Ao . ‘
. - g
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5.2 TrarezoipaL WIRE CONFIGURATION -.

.
-/90 -
.
/
. . .
-
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. i)

the location in the model of the different sections under cqnsﬁerafion is

shown. - ‘ | | N N\

It can be seen in Table 5.1 that. the experimental results agree .
very closely with the aﬁa]ytica].ré§u1tsqcomputed in the example of sec-
tion 2.6, Chapter 2; for the parabolic configeration. Thieh therefore,
-validates the mathematical mode1 developed in §§3ptér 2.

TeEﬂe 5.2 shows the bending straine for the condition of maximum
negative moment due to truck loads on the prestressed modeT. It also
indicates strains for the condition of maximum positive momeni when the .
truck 1054 is in one span only. The tabje also shows the Qend1n§ momentia
obfained from these exper1meﬁta1 resuTts and this is compared with the’
'Enalytical bending mement obteined by superimposing thé moment due io pﬁg-
stressing plus the moment originated by the truck 1déd_above.//ﬁe can seei
fhat the results agree c]ose]y'verifying experimentally ihat. in the design
stage, the superposition of stresses due’ to the d{fferent loads acting on
a prestressed girder bridge is valid. ‘ .

*

Streg;es~1h the prototype were derived from strains measured in

~f.

s * - M N -
the model with expression 3.15 der1ved in Chapter 3. They are presented

_in Tabtle 5. 3. This tab1e shows the stresses at the top -and bottom fibers

&
at the different homo]ogous locations in the bridge girder These.stresse§

are due to the pres;ressing force alone.and due to truck loads plus pre-
stressing force. Corresponding bending moments.are included in the table .
as well. SO | s

/ y

J . 5 . . '
This configuration is shown in Fig. 64. We can observe that it -

- e

'is composed of strgjght portions of wire forming trapezoidal shapes. One
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% Table 5.2 — Results for Tests With Truckloads AppT1EX to_the Moded
5 Prestressed With the Parabolically Bent Wires.
E
- Dfstance To Tt Jrae [ e | oo oo rnz 5"
y' . ‘| Central Support AN R ' ’ ) :
| e L
| E%g erineptal pesults for condition of paximm negative goment
top (millionths) | -54-8 | -52.6 |-31.3 | 15.9 " |46.1 | 49.2
N Iootton ot ionins) |- 712 | 68.4 | 40.7 |-30.1 |es.9 |-9f.e
onent Ubedn) | 773 | 783 | sa2 |06 |-se7 | -605
E Analytieal results by supemo;;muwwﬂmﬁ_
i ggggg:lggng?“\“’ -636 a5 |-1ee , | 262 31‘Q 186
L RN 1400 | 1236 | 570 [-467 |-8%2 |-764
- | ronats (1b-in) 764 | 751 | 388, [:205 |52z |-578
3 o-
 Experimental rclesultrs for condition of maximum positve moment
ﬁggdz;‘ﬁ]mflms*‘ -81.8 | -76.1 |-44.4 | l0.4 [21.0 | 38.]
- betton (niTlionets) [106.2 | 98.9 [ 57.6 |-19.6 |-30.9- |-71.9
| ronent (16odn) . |1154 | 107 | 626 |-128 -260 |48
| Apalytical results by superposition (maximum positive omen_t)' .,
e e Wbn) |-278 | <175, |~ 30 .| 337 | 602. | 4os R
onen (lbein) . 1400|1236 | 570 | -a67 -832_ | -764 :
(1ot 1122 1081 Jeo0 | -130 [-230 |- | K
ot . '
A - \ _

I e




Obtained 'ln Tests on-Model.

Locdtion of pbint under study

. = "i <

. . n
ng‘f:l e if g ‘J " L4 \ \ s ’ '
by fﬂ .92 "
i 2 {ﬁ_” R U@ .
1] .Tabde 5.3 — Stresses in-Prototype Determined by Transferring Resu'lts

. _ _
- |centen) soaport a5 | 3.5 | 31.s" [s85" | 855" | 172.5"
, /
y
Transferred‘stresses due to prestressi;z; alone ) .
| oy -5430 |-agey | -deo7 | 2187 " | 382 | 3538
; boreond dEreeg) 6993 | 6050 |- 2961 ' | 14608 |-%812 , (7107 |
é ,2‘2,?,:5‘{352‘?3) 183100 | 15e400 | 77520 | -67580 |-114600 [104200 |
! . h'/.. - Ry 3 : . 5
| | ' S~ o

'l‘ransferred stresses due to prestressing plus truck load (max. nega.tive moment)

Bending stress at ) _ i
topdgg,inz) -3077 2054 °|--1758 | 850 2465 | 2631 | |
Bending stress at j =T - - - ;
- | bottem (1b/in?) 3971 3814 227p 17991\\ 5194 , 5547 ;
Bending J ‘ - - — ;
moment (K-1n) | 103%)0 99.B~60 504?0 26?80 \ ‘7617,0 81340 .1

‘. - -

Transferred stresses due to prestressing plus trﬁckload, (max. positivg motient )

J

'[Bending stress at i N T -
toL%w/m y 4593 | -4273 | -2493 | “Ts56 1128 2037
Bending’ stress at T N =
o bott?m (1b/1n ) 5929 5515 3212 1N 238:1 4297
. | Bending  * ] T - ~
, > | moment (K»in) . 1n55000 144400 84090 | 17180 34970 63020,
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“straight portion is lecated*at the'teﬁ of the'girder over the'mfddfe sup-
port. This portion counteracts the criticéﬁ dead 1oad moment over the
central support. At midspan there is another straight portion counteract-
ing the maximum negative moment.

The test was satisractdri1y carried out and results are.shown in
: Tabie 5.4. It can be seen that the comparison of. experimental and analy-
o ° tical moment at the various locations shows #ery close agreement which con-
| firms again the va]idity of the mathemat1cal model. o
T Y This trapezoidal cable configuration would be prefxrable than .

. the parabolic shape ‘in an actual design of a prestressed girder bridge

because it requires akfewer nuﬁber.of saddles (cdb?e‘suppqrtsiiio‘give;/
the required shape to the” prestressing cable. Also, the prestressing moment °
obtained w1th a trapezo1da1 configuration counteracts efficiently the dead
1oad mement a11 along the brnge. Atithe same time, it can be observed
froﬁ’Tab]e 5.9, wheres the six configurations pf'the experimental part are

compared, that the trapezoidal ébnfiburation gave the highest positive-

moment over the middle support with same .cable eccentricity at that.loca-
. ‘tion. This occurs becaJse “the secondary moment has a favourable sign >«
and higher value in the trapezoidal epnflgurat1on than in the others.

'
[

5.3 TRAPEZOIDAL -~ TRIANGULAR WIRE CONF@GURATION

s - . - ’ j‘\s‘ a . ,
L © This configuration has a similar shape to the case beforé‘except'

foir the straight portions of the wire miss[ﬁg at/the bottom (Fig. 65). This

configuration was studied because it required less saddles than the tirap-

i)' . ‘ ezoidal and could be employed in qesibns where only the dead load negative

moments are critical.
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Note: all measurements are

.in inches.

AN

"0

T30

Fig. 64 — Trapezoidal Wire Configuration.

Table 5.4 — Results for Trapezoidal Configuration.

¥

.Location of point under, study

.Distance to
central support

4.§u P

13.5"

31.5"

58.5"

85.5"

1n2.5"

&

Experimental results; prestressing force P = 200 1b

top (m11ionths) . F103.3 | -98.5 [-51.2 | 549 [67.3 |77
boteon (ni1atontts)| 141.2 | 135.6 | 70.1 |-109.8 |-133.4 |-154.3
e 1 n) 1535 | 1473+ | 761 |-716 | -870 |-1006
Analytical results; prestressing force P = 200 1b
noment (1b-in) - | 807 . | 758 | 660 514 | 367 | 220
narert (1bein) 73 | 13 | 122 |-nrz fnrz |-
nomert. (bein) 1520 | 1471 | 782 | -659 | -805 . |-952
/ s - i .
Deviation of experimental results
Deviation (%) +0.1 |-2.7 | +8.7 |+8.0 |-45.7

+1.0

[

.
R G N
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that the resulting. experimentai bending moment agrees closely with the

- ' ' Q\ N ..‘
A . .. . - 95 - /\

Test results are presented in Table 5. 5 It can be seen\a ain
analytfoal moment: o ) T .4*"?C>”J ‘
If the resuits obtained in this test are compared with the results

in the previous case of trapezoida1 configuration (Table 5.4), 1% can be

' remarked that the prestressing moment over the midd]e support has diminished

by about 50%. This is not very advantageous because the middle support is
the location where the counteracting prestressing mOment is needed at ‘the ‘
most. Therefore, it can be said that sayings gained by reducing the number
of saddles in the triangular- trapezoida] configuration were offset by the
great Toss in efficiency and also not much was gained by the decreaSe in
length of the'p stressing cahle. Consequent]y, it would ﬂe preferabie

in an actual ign to.use the trapezoida{‘configuration. ' 7 ‘ !

5.4 DrRAPED-SeGMENTAL WIRE CONFIGURATION - - ,

S * This is a new variation of the trapezoidal configurationi It con-

sists of.a segmenta] wire with. a trapezoidal shape,iocated in the zone of

negative dead load moment over the support (Fig..66). Tn this alternative ]
an economic and efficient soiution is sought for the case of continuous

girder bridges with cr1tica1 negative moment over the 'supports. Fig 66

shows a rational approach to location of the wire In this instance wire

" is provided'on]y where it is needed for the dead 1oad negative moment, thus

cutting down the length of the,prestressing cable substantially.

£

s The test was repeated 3 times in this case as Some of the results
did not agree with the analytical values. The discrepancies in the three

tests were not consistent but appearing in different Jocations in each

test. This suggests that an error was introduced by the measurement sys-

~

~
- v



2:. v
-96_.‘ )

.. Note: all Measurements are in inches. A a} - . -
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- Fig. 65 — Trapezoidal-triangular Wire Configuration. . :%N\/
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Table 5.5 — Results for the Trapezoidal-triangular Configuration.
DY ‘ -

I
Location of point under, study

. Distance to » oen ' " " "
Central Support 4.5" |[\3.5"-131.5" | 58.5 [85.5" |112.5

' \
o i . \l -
: Experimental results; prestressing force P = 200 1b
o |gending strain 3t 1731 [-70.9 | -47.9 | 27.7 |78.6 | 49.2

Bending strain‘at ]
Mtom (m.”'lionths) 94.9 92.] ; 62.2 -52.3 -148.4 _"92.8

. Experimental
< - |moment (1b-1n)

1031 .| 1000 T 675 | =341 -968 -605

. . ) ’Analyticai results; prestressing force P s 200 1b

Second ,
oot (1o-in): e 306 - 287" 20 | 105 | 13 [ 83 g
Basic . . : i ’
noment. (1b-in) 713" | 73 390 | -537 |-1097" |-658 ~
‘ ;g;:ﬁ:ezigﬁgn, . | 1019|1000 640 | -343 | -958 |-575
) / |
s X Deviation of experimental results
Deviation (%) #1.2 | 00 |[+5.4 [-05 [#1.0 |+53-] :




Jtem. This error was‘magnified because thérstnain in those particulir”]oca—
tions is very'low and this causes the error to appear enﬁarged.' There-

fofe, the error was disregarded and the test-results were Eogsidered valiq
¢ ' o * -

(Table 5.6). -

L}

. There was one po%nt z/’;he mode1 where the disagreement was con-
sistently high in the three tests. That was the point located at 31. 5 N
-inehes from the support almost coinciding with-the starting point of " the
préStressing wire. Since it was the only (ese1t‘consistent1y off and every-
thing else was in agreement with the theory it may be cqneluded that the \
mathematical model developed in this study does not give accurate resu]és
in the zone 61ose to the starting of the wire.. This 1s°to be expeéted siece

stresses in the v1c1n1ty of cuncentrated loads cannot be evaluated with

simple theory but'require spec1a1 ana]ysis However, the evaluation of

- N ;

those stresses is not within the scope of this research.i \\*
, . s

5.5  SeeMeNTAL WIRE CONFIGURATION

<

3

This alternative consists of a straight segment of wife located
in the zone of dead 1oad’negat1ve moment over the central support (Fig. 67).
ThisnaIternative is an attehpt to-find a more ecénqmicgl and eatioﬁal soly-
tion for the cases of continuous girder bridges where the negative dead
load moment governs the design, as for example, for the case of multip]e;

equal span«girder bridge.

Aga1n, some of the results were off in_ the tests but [they were

disregarded because the discpepancy did not appear 1n=the same Jocation in
a11’cases, and as was explained in the test before, the machine induced

error is amp11f1ed in the results because of the Iow level of strain in

X _the part of the model where these discrepancies occurred. Whereas, in
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Fig. 66 — Draped-Segmental ‘Wire: Cohfiguration.
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Table5.6 — Results .f'or Draped-Segmental Configuration. .. - , 3

. . Y

: ) . I"ocatiopn of . pbint under study'

pistance to . [ g5 1350 | s [se.sr | .50 | m2.gv) 4

\Expgrimental results; prestreséing force P = 200 1b .."

e Tioatnsy - |-.8 |-7.4 | 2.2 [125 |83 | 55

Bending strain at . 3

. potton (ni1 ionths] 452 | 486 |-50.9 |-23.5 |-16.7 |-10.5 |

e ) 491 | 528 |-s52- [-184 | -102 |-68 1

J . . S S

r Analytical results; prestressing force P = 200 1b ° 1
- rovent. (1b-in) 215 | -202 | -176 |-137 | -98 | -59

Basic , ' k'

5 moment (‘Ib_in) e 7]3‘ 713 '5@ 0 0 ‘ 0 -

: - s +. 3

ey, | 8 [ s [-760 [-137 [ -08 | -59

.}; - - B y \ t : I'.

o\ . . 3

) . 4 N 43

g “ L Deviation of experimental result Lo

| A Devidtion (%) 1.4 |+3.2 |-28.2 |[+12.1 [+46 | +16.2 3

\_\ . . ;;:’

B @ * ° ' ‘
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- ' 1ocations such as’ the middle part ot‘the modei where prestressing strains
Y are reiativeiy high the problem did not arise (Table 5.7).
As in the draped -segmental - configuratibn‘ineiast test results,,

' strains in the vicinity of the anchorage of the prestressing wire do not ]
//_é_ 'L ' obey the mathematical modei of Chapter 2 becag;e of the concentrations ot
:54 ) stresses and because the prestressing ‘force is just being introduced in
'E} ‘ the weéb. This implies that St. Venantfs principle is applicable here. The
determination of the Tength required for uniform distribution‘ot the stresses

1s not'within the scope of this research., Besides, knowiedge of this length

“in the design is not vital, as one can always placee the anchorage in e

- o . ]

zones where bending and shear stresses are low.

‘

-
*
?

’ 4{} It can also be noticed in the same Table 5.7 that the counteract-
ing pesitive prestressing moment over the support has aiiow value compared
to the trapezoida] configuration (Tabie 5.4) for the same prestressing force
of 100 1b. per wire (the motment in the gegmentai is a1most one quarter of )
the trapezoida]) This occurs because the secondary moment ‘in the‘segmentai‘
alternative has unfavorabie effects over the middle support This second‘

ary moment (-) has opposite sign to the basic moment and the same sign as

" the negative dead load moment that we are seeking, to counter 'Whereas TR
the trapezoidal configuration (Fig. 64) the secondary moment has favourable

effects over the middie support because as was seen in Chapter 2 the pre-

stressing cable iocated at the bottom of the girder tends to bend the o

- girder,upuards and the middle reaction prevents this Tift,.causing a posi-

f .
. tive moment (tensfon at the bottom fiber).
]
€, ’ Even 1f we compare this segmentai a]ternative‘with the draped-
segmental wire configuration (Tabie 5.6) we can notice that the value of

(
“the prestressing moment over the central support in the segmental config- .

g L ~ o . - - - e ’rmlam,.,_‘
e, %,;" LEE : . s e 0 . ' T, K
Y £ e . . ' - e . @
E £ h’ VERRET 8 s LR ) L v e .
j ’ 3 , . I .
0 |
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Table 5.7 — Results for Segmental Configuratiom. )
D; : £ i : " IBcation df point under study ° .
is - -
| Central Support | 4.5".| 13.5" | 228 | 31.5" | s8.5% | 85.5" | 112.5"
¢ ‘ , .
.- Experimental results; prestressing force P = 200 1b
‘Bending strdin at .
{ top (millionths) | -28-7 | -30.5 |-27.8 | -3.5 | 15.2 12.1 6.9
d1 in at i )
bottons (mi1 ontrs)| 373 | 396 | 362 | 45 |87 [-220 Pi3a
‘cxperimentai: : ;
. | moment (1b-in) 405 | 430 | 393 | 49 \jss -149 | -85
| ) L)
Analytical results; pres‘ti'essing force P % 200 1b -
.} Secondar ~
moment. (1b-ind -329 | <309 | -289 | -269 | -200 | -149 | -90
Basic ' ) : -
Wment (]b_in) ' 713 713 713 713 - 0 0 0
Pyestressin . .-
Jestr (w_?n) 384 404 424 | 444 | -209, | <149 | -0 |
Deviation of experimental results
‘| Deviation (%0, |+5.3 |'+6.2 |-7.5 (-88.9 |-10.3 | 0.0 -4.8
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"(Table 5.8) except in the area close to the commencement of the prestress-

ing wire for the reasons previbusly explained. Unfortunately, strain could
' 2

1 » ' .
) ~ ‘ ' ’ ' v
i ‘ R )| P _
i - ) .o

-

; : , L .

/ uration was "dimimshed to 77 percent of value' 1n‘ the draped-ségmental-
configuration. Therefore,. it'can be gaiq.' that by draping the ‘prestress-
ing vfire in the former examﬁle a srnaHer unfavorable secondary moment was
achieved (222 1b- -in against. 339 1b in in the segmenta1 alternative). )

Final concluswns cannot be drawn until a comparativmstudy of

.

‘ the six alternatives 'under con}'ld\rat'lon is made at the end of this chap-

ter. In such a study, the ratio, in each configuration, of the prestress-
fng moment over the middle support to gzé total 1ength of wire utilized
“Mi11 be compared. At that time, the efficiency of the different cable ,

configurations are determined and reoorrmendations for the application of

" the various, configurations g1ven t

5.6 DouBLE-SEGMENTAL' WIRE CONEIGURATION . a

t

g

In this arranéement segmental wires were used at different loca-
tions maintaining a symmetrical pattern as a]f?the cases t'c‘ested before

"

-(Fig. 68).  Here ¥t was sought to place segmental wires in the zone of |
negative dead load mémént over the middle support at the top of the girden
and in zones: of positive dead load moment at the bottom’ of the girder at

the midspan. It should be’ mentioned that the prestressing force in the

wires -at the midspan (50 1b per wire) was one half of the prestressing force °
in the wire over the middle support (100 1b per wire).

For this arrangement, as 'ln the previous a1ternat1ves 1nvolv1ng

segmental.wires, the test.results agree/c'[o’swith the ana]ytica] results

not. be measured in.the vicinity of the anchorage of the wires located at

<
k4

R
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" Table 5.8 — Results for DoubTe-Segmer/té] Configuration.

\\Location of point und?i\ study .

Fig. 68 — Q@bleoéegmental Rire Configuration.

-

U

3.3k

. 6.30°

[

T

Central Support 4,5" 13.5" 2&' 31.5"N\| 58.5" ~| 85.5"" | 112.5"
i
N Experimental results; prestressing force P =-200 1b
Bending strain at :
top {miTlionths) -63.5 | -60.9 | -58.3 |-20.0-| 40.2 44,0 . | 46.4
~ [Bending strain at .
| bottom (millionths) 82.5 79.1 75.7 26.0 |-75.8 }83.0 -87.6
'] Experimental . . .
moment ('Ib..-in) "895 859 ."822 - 282 -494 - ~-541 1-57];
Analytical results; prestressing force P = 200 1b
Secondary T '
moment {1b-in) 183 mn 160 149 116 83 50
Basic ? N
moment (1b-in) 73 n3 713 .} 713 -580 | -580 -580
.| Prestressing ’ -
moment (1b-in) -] 895 884 873 862 -464. | -497 -530 .
» N Deviation of ex'p.'erimental results
Deviation (%), 0.0 | -2.8 | -5.8 [-67.3 |+6.6" |+8.9 | +7.7
r J ot

L NI o A S
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i » . the bot%om, so that the deviation'@bserved at the top segmental wire could
y /be ratified 3 * ' -
. In Table 5.8, 1t can be seen that the addition of prestressing
wires at the midspans, besides coﬁhteracting the positive moment, helps
. toqincnease the .prestressing moment over the centra1‘suppomt where it is
¢ 4536559 the, most in order to offset the cr1t1ca1 dead 1oad’negat1vé moment
If we compare the results obtained in this .test with thbse in .
the previous one (Tab]ewEfV), we can see-that the prestressing moment in
,the double~ segmented cbnf1gurat1on over the middle. suppoﬁ! is 2.3 times
as large as 1n the former case with on]y a segmental wire over the central

»

. support. .
\ » However, it js net possib]e to formu]ate general conc1usions
about which- of‘zhe six alternatives is the most appropriate one for the -

~ design of a prestressed‘continuous stee1 girder br1dge because it is neces-

sary to cons1der other factors involved in des1gn_such as: number of spans,

. - 1ength of'the'Spans, cost of saddles, cost of prestressing cable, EOsi of
‘e . anchorage, type of girder to be employed in thegdesign of the bridge, txpe
- . of deek and perhaps availability of materials. Thtrefore, it 1s wp to©

the designer to decide which cable configuration is best ;uited to the

~
o~

. * v
/é particular conditions of the bridge project. . ‘ <

]
[~

i R v )
b 5.7 CoMPARISON OF RESULTS AND' CONCLUSIONS

It was seen in the recent tables for the six different cable

configurat1ons under ‘study that the resulting prestressing moment has

’ﬁ * such a d1fferent value in each configuration®even with equal presf%essing
1 force in all fhe wires{tni:;re realize that the cable configuration igFa _
'+ . ’ N " . ¢

—

=y rﬁ%&-&&.}.w&b‘mﬁ“&“
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. Ve 'e -
o very important factor involved in the design of a. prestressed girder Rridge.
g? \\ . We also noticed that the length of wire'emp1oyed in each Shnfigu}atiﬁn was
AN .
different for each case. The trapeﬁfidal configupﬁtion was the alternative =~

that required the greatest length of wire but at the same t1me this was

the alternative where the largest, pre§tressing moment over the-middle sup- Lo
. i}ort was obtained.. -
B L ° )
However,, the comparison of the magnitude of prestressing nts

does not éive a clear cr?tertcn for choosing the most éuttab1e cah]e-con-
figuration in the design of a prestresse& g1Fder bridge. Therefore, -we
have to compere our six cable contigurations on a different basis. Th1s '
compar1son is effectively achieved with the heIp of}the ratio between the
prestressing moment at the middle support to the ]ength of the cable. This—"i
ratio 11 be called in future discussions the fccefficfent’of efficiency"
" (C:E. . . I g / ‘ - S
N . In this way, we will be"able to judge which cable ,configuration .
\ pnbdyces the, best results in‘cohnteracting the cn?t1ca1 negative~dead'1cad
monent with the least ot prestressing cable length. SERCI
Of course it is poss1b1e to have cases of gtrder bridge design»l
P where ‘the posit1ve7moment is of importance but more emphasis has been
placed on counteract1ng the negative moment because in most girder br1dge
. projects, it 1% the negative moment that governs the design. '
In Table 5.9, the coefficient 'of efficiency’ (C E.) for the six

cable configurations is computed for a point at the centra1 suppontﬂand

“IL-’. -

for a point at‘the midspan located 85.5 in., from the centhal support. -
. We can see in the Table 5.9 that the cab]e configuration most

I suitable for counteracting the negative moment is the draped-segmental

one but at the same time this is the configuration that counteracts the,

*
(LI
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a
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uration (Fig. 66). g :

a-moment at the middle support they hive a relatively low coeff1c1ent of effi-

‘ e © . ! . ‘l' » )

. . S -.105 - } - . ?%

PR ) ' .oe &

dead load positive moment the least efficiently. It should be reéerked that . az

this prestressing moment e isfing at the didspans is just the secondary ' ?
moment produced by the prestress1ng w1re_pver the middle support since .

°

y
there is no prestress1ng wire at the midspan in the d#\ped-segmental config-

It can also be seen in the same Table 5.9 that even though the //’

parabo]ic and trapezoidal conf1gurat1ons have the highest prestress1ng

-

ciency (C.E.). This is,because theﬂbutf\‘gs a great Tength of prestressing
. .

wire. .

The double-segmental arrangement~(Fig. 68) has a high coefff%ient .

of efficiency (C.E.) for both Tocations under consideration but' the number

of anchorages required is greater than ic any’other configuration, a factor

that diminishes_the appeal for-this alternative in a prestressed girder
bridge desigr. '

From the comparison of results presented in Table 5.9, it can

be concluded that %n a prestressed bridge pioject_where the negative dead

Toad moment governs the design,'the draped-segmenta] configuration gives ‘ "ef

the optimal results because it gives re]at1ve1y h1gh prestressing moment

e

over the m1dd1e support with. a very short 1ength of cable This so]ut1on\ ’ E o

FAN

is also recommended because it requ1res a set of only two saddles for each
v

" prestressing cable against six in the parabo11c case. The number of anchors : :

required for'the draped-segmental solution is the same as in any other con-

figuration .

. Fig. 69 il]ustrates the way the draped~segmenta] configuration

wou]d be app]iéd in the solution of a mu1ti—equa1 span prestressed girder - %;

bridge. - ° _‘ . ' g - ~—- ]
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Table 5.9 .— Comparison of Resu1ts for the Six Configurations.

¢

&
v

' Negativé Moment Over: Positive Moment
Central Support at 85.5 in.

CONFIGURATION | LENGTH,| [PREST= [c.e. | "% | fowient | G-

parabolic . |%07.75 | usi.0 [ae | er.a | fenis | 2.70
Trapezofdal” | 309.36 | [1546.6 |4.99 | 71.3 | |-805.2 | 260
Triangular-Trapez | 307.65 | [1028.2 | 3.62 | #7.8 | |o57.9 | 3.1W
" Draped Segmental, |70.26 | | 491.6 [7.00 [100.0 | |:07.8" | 1.38
Segmental " "|66.00 378.6 |5.68 | 81.0 | 1-129.4 | 2.26
Double Segrental (156.00° | | 901.0 |4.85 | 83.6 | [-497.1 | 3.23

7 " T

{

CM. .= Prestressing Moment
’ Length of Prestressing Cable |

‘\
/— Pres’cressing cable

AN

T T

L L

1

Fig. 69 — Prestressed Solution for a Mu1t1 ~Span Girder Bridge
USing Draped Segmental Cable. . [ -

o

»

“ Prestressing cable

1.6ﬁ . T

' /
““Fig 70 —_ Prestggssed Solution foroan Unequal Three—Span ,
Girder Bridge Using a Trapezoida] Cable’ Conf1gurat10n
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\ In the case of bridges with unequal spans whérebthg positive dead
1oad ppmeﬁf in the longest span is almost as h;gh as the negative dead

Toad moment over the adjacent supports, the trapezoidal configuretiaon is‘
recommended (Fig. 70). .If the ﬁositfve moment hgs é higher value, then

it will be necessary to help the trapezoidal config@ration with a segmental

3

able leng the zone of positive momerit. Fig. 70 shows how the trapézoidél

configuration would be applied in a three-unequal-span prestressed continu-

? -
1

. ous girder bridge. ,

3

Y As .a part of the conclusion, it can a1§o be gaid that in p;bjects
in which the prestressing cable in the external face of the girde§ webs 1is
not desirable for aegfhétical reasons, then, the utilization of prestress;

ing cables can be placed exclusivély in the.internal face of the girder webs,

~

n also be added here that the parabolic configuration, be-

so that .the p;Zifressing cable remains hidden.
It

cause of the great number of saddles (cable supports) required, is not
o . }:‘7 . B - ‘,‘
advisable since similar results can be achieved with the trapezoidal configu-

/ Al
ration that utilizes a smaller number of saddles.

L1
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" pRACTICAL APPLICATIONS -

The use gf prestressing of steel struc¢ures is not widely used
~ )

in North America. This probably. stems from the fact that prestregsed steel

has not been commercialized-and therefore contrattors believe *that the

- technique does not offer any economical advantage to be worth even studying

) : _ :
the utilization of prestressed steel structures as an alternative in the

preliminary phase of design.

So far, in the few existing applications of prestréssed Steel,

the usé°of:commercia1 prestressing syﬁtems for concrete has proved to be
feasible3?7:16217 3p4 some savings were achieved. It is believed that not

until a prestressing manufacturing company starts producing a prestreés\ng

L]

system spec1a11y conceived for steel structures, that bridge des1gners and

o>

contractors ‘will advocate the use of prestressed steel to any large degree.

In the meantime, the available commercial prestressed concrete systems

L

‘will have to be adapted- in the design of new bridges involving prest?essed

steel. *

In this research work a comparativeiéésign of a steel bridge using

o

the conventional approach and the prestressed approach was performed. In

. the first,parf. the bridge Qas designed by the conventional approach using

non-prestressed plate girders. In the sgcond part prestressing was intro-

'duced and the cross-sectioﬁdﬁ'area—was reduced in order to have the cross-

- k]

v

- 108 «
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section working at full capacity. Substantial decrease in weight_was

achieved by prestressind and(ﬁhé depth of the cross-section was appreciably
reduced.

. "

In this example, a trapezoida] configuration was utilized. The

- '

reason of th1s choice was to ach1eve sav1ngs of material all along the

, girder.. As known from the conclusions in the last chapter (Fig. 77) the
’ :Sd‘ ",
trapeZOIda1 corifiguration gives high prestressing moments both over the

L4

central support and the midspans pnd therefore both positive and negative
,dead load moments are Counteracted effic{eqtly.
. The geametry of the alternatives for the bridge under%study are
‘presented in Fig. 71. The 196ation of thé prestressing cable in the pre-
streésed alternative is sho&n a; well. The type of 11ve load used in the
des1gn was the AASHO!S equivalent truck load HS 20. ’
) The cross-sect1on’was made up of two p1ate girders Qorking in
conjunction with an orthotropic stee1;deck with cloged ribs.’ Fig. 72~ - " !
~. shoWs the cross-sections used in the conventional alternative aﬁd Fig. 73
3\\shows the ones used in the prestressed solution of the bridge. §

~ N 2 ‘ B t

In the brestressed aiternative ten one-inch diameter high-strength .

et ot it s, JE TR U

. prestressing cables were used. The location of the,c9b1q; is presented

| _ in Fig. 71,
* &
) The total weight of the bridge for the non-prestressed’salution

was found to be bkon' 1121 Kips,.and for the prestressed alterfative was

WE = 946 Kips. The total length of cable required in the prestressed

design was L = 5137 ft. weighting W¢ = 10.5 Kips. Tt can be seen from fig-
ures above that a saving of ‘175 Kips of stee{ was achieved in the prestressed
design which represents a reduction in we1ghtazf 15.6 percent or put it in

a different way, the conventional design'was 18.5 percent heavier than the

¥
¢
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195" . — 195"
255! : 255' .

.geometry'of‘the Conventional Solution.

-

v \
-~ @ 60' 195!

'r

b Geomefry of Prestressed SoTution.

e

Fiﬁﬂ 71 — Geometry of Conventional and Prestressed Solutions for
",a Continuous Two Span Steel Bridge. ‘
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prestressed a]ternétive,
It can be concluded that substantial reduction in weight can be

achievéd in a préstressed steel girder'bridge design and that appreciable -

reduct%on ip the depth of the girder.can be made possib]é by introducing
prestressing to the conventional girder bridge design. These two facté;s>/
"make the Jée of prestressed steel appealing in the design of mnew bridge
projects. l ‘ T *
‘ As for the anchorage of the prestressing cables it is suggested
to adapt in the ﬁréstressed sxgel bridge any of the available commerciadl
"post-tensioning anchorageesystem which best suit the conditions of Fhe \

project. The Post-Tensioning Manual!® describes the most usual anchorage -

- systems used in today's pbst-tehsioninglgoncrete design. i%

Fig. 74 shows the anchorage systéms deemed to be adap;ab]e to a
" prestressed stee]l bridge project. It caﬁ be seen that thése anchorage sys-
Fems are m§de of a steel plate to which the prestressing cable is anchored
by means of conical wedges that grip the cable into a hole in.the steel
plate after tension is applied to the cable. The connection betyeen the
anchérage system and the stee1 girder would be accomp]ished'by-we]ding the
stgeT ptate of the'anchorage to properly stiffened support elements pro-
vided in the steel girder.. )

It is hoped that the prestressed steel girder bridge fEthg&EEi*
w111 soon gain some acceptance iyong contractors and designers and then
‘a more suitable prestressing system will be developed by a prestressing
firm in order to make popular t e use of prestressfng 1n steel bridges in

| North America.

\ . /




] ‘ : 3 — p— —

| . |
| ' . ;
» . ¢ . . ‘ . . ‘
~
N . -
3 ’ i .
. . . .
Stresssteel Monostrand System .
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: ’ Fig. 74 — Suggested Anchoraqe Systems to be Adapted in a Prestressed
3 ' Steel Girder Bridge Project. . . .
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- components of t;hé bridge.

| APPENDIX A .
r\ DESIGN OF “THE PROTOTYPE

A two span continuous prestressed steel gi}'der for two traffic

lanes was desigﬁed in order to be used as a prototype for ’the design of

X

‘the plexiglas: model. ° - ) )

The bridge is prestressed by means of 10 one-inch diameter h1gh

strength cables w1th a total prestressing force of P = 1344 Kips. The

4 arrangement given to the prestressi ng cable has a trapezoidal shape as

shown in Fig. 75. -

The design cr1ter1on followed was that of superimposmg aH the

4

stresses due to the different loads acting on the bridge (prestressing

* included) and thenﬁ checking that the total stresses were within the limits

prescr-;"ibed ,Sy AASHO.15 Differgnt cross-sections were tried in order-td
find an optimum cross-section working at full capacity in zones of maxi-

mun positive and negative moments. The cross-sections utilized are shown

-4in Fig. 76 along with' their properties. These cross-sections would be over-

‘stressed'by /about 20% if the prestressing had not been introduced -in the

design.

An orthotropic steel deck ,.working in conjunction with the plate
girders was used. The deck ribs are closed type 'ribs as shown in Fig. 76.
The floor beams in the deck system are spaced every 15 feet.

AASHO ! S specificatiogs were followed in the design of all the

~ .

A% “‘&mf R
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