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PRESTRESSED COMPOSITE GIRDERS
UNDER POSITIVE MOMENT

By Bilal M. Ayyub,' Member, ASCE, Young G. Sohn,’
and Hamid Saadatmanesh’ Associate Member, ASCE

ABSTRACT: According (o the 1986 U.S. Federal Highway Administration statis-
tics, there are 575,607 bridges on the highway system. About half of these bridges
are structurally deficient and/or functionally obsolete. To strengthen the structur-
ally deficient bridges without replacing the girders, external prestressing techniques
can be used. In this paper, the behavior of prestressed, composite steel-concrete
beams under positive bending moment is examined, and the benefits of different
types of prestressing are compared. These specimens were tested to study various
aspects of prestressed composite girders, including tendon type and profile. Two
methods of analysis are discussed, i.e., the transformed area method and the strain
compatibility method. The test results show that prestressing a composite girder
increases the range of elastic behavior, reduces deflections, increases ultimate strength,
and adds to the redundancy by providing multiple stress paths. Based on the ex-
perimental results, a comparison was made between three tendon types and pro-
files. It was concluded that strands are more effective than bars for the tendon
type, and a straight tendon profile is more effective than a draped profile with
regard to stiffness.

INTRODUCTION

The eighth annual report of the Secretary of Transportation to the Congress
of the United States on the highway bridge replacement and rehabilitation
program (HBRRP) clearly attests to the need for reviving the nation’s aging
transportation system. According to this report, 40% of the 575,607 inven-
toried highway bridges in the United States were eligible for HBRRP funding
(“Highway” 1986). The condition of the nation’s bridges has remained of
high priority to the Federal Highway Administration (FHWA) and the state
highway agencies. The FHWA recommends that the states, in developing
bridge projects, consider the rehabilitation alternative before deciding to re-
place a structure. An innovative design concept that can be used for retrofit-
ting existing bridges as well as for designing new bridges involves the uti-
lization of prestressing in composite steel-concrete bridges. The main
advantages of prestressing follow: (1) To increase the ultimate capacity of
the girders; (2) to enlarge the elastic range of behavior; (3) to improve the
fatigue strength of the girders with or without existing fatigue cracks; (4) to
utilize the material more efficiently, and therefore to reduce the structural
steel weight; and (5) to increase the redundancy, and therefore to improve
the reliability of the girders. The first advantage results from adding a mo-
ment couple consisting of the tension force in the tendon and an equal com-
pressive force in the deck. Second, prestressing induces compressive stresses
in the tension flange that delay yielding of the flange. Third, the stresses in

1Assoc. Prof., Dept. of Civ. Engrg., Univ. of Maryland, College Park, MD 20742.

Struct. Engr., David Taylor Naval Ship R&D Center, Bethesda, MD 20084-5000.
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the tension flange can be made to cycle between compression stresses and/
or compression low-tension stresses by prestressing. This should improve

fatigue life. Fourth, savings in the overall steel weight can be achicved by TABLE 1. Positive Moment Specimens

substituting higher strength strands for lower strength structural steel. Fi-
nally, the redundancy of the structure is improved as a result of multiple Prestressing Tendons
load paths provided by prestressing1 tend;)ns. The mai.n lobjezti\l/eshof this Position® Area Force |
paper are to present the experimental results and analytical models that pre- ) Profil mm (in.)] | [mm? (sq in.)] | kN (kips)
dict the stresses in the tendon, concrete deck, and steel beam of prestressed Beam | Section type T(ysp)e r((;;e [ (5() (6) @)
composite girders under positive bending moment. Q) @
W360 x 45
Previous WoORK A | (W14 x30)| Bar | Straight |30.5(1.2) | 361 (0.50) | 267(60)
. . . . . . . W360 x 45 289 (65)

In 1949, Dischinger published a series of articles in which he proposed B (W14 x 30) | Strand | Straight | 30.5 (1.2) | 279 (0.43)
the prestressing of bridges using high-strength cables. (U.S. patent 2-510- | W360 X 45 267 (60)
958. 1950) and Naillon (U.S. patent 3-010-251, 1961) were separately granted l C (W14 x 30) | Strand | Draped | 30.5 (1.2) | 279 (0.43)

|

U.S. patents for prestressed composite floor systems and prestressed steel from bottom surface of tension flange at midspan of
girders, respectively. Szilard (1959) suggested methods for the design and
analysis of prestressed composite structures, including the effect of shrinkage
and creep of concrete. Hoadley (1963) discussed the behavior of simply sup-
ported wide-flange steel beams and composite beams prestressed by using 42" t
high-strength cables. In 1964, three prestressed composite steel beams sub-
Jected to positive bending moment were tested to failure by Strass (1964). ‘
Each beam was simply supported and was prestressed with one cable running |
the full length of the beam below the centerline of the tension flange. Regan ;
(1966) performed an analytical study on the behavior of prestressed com-
posite beams under positive bending moment. The effects of variables such
as slab thickness, prestressing force, and load type on the overall behavior
of the beams were discussed. In 1968, the subcommittee on prestressed steel
of the joint ASCE-AASHTO committee on steel flexural members reviewed | |
previous work in this area and developed analytical models for prestressed ‘ €

*Position of tendon is distance
beam to centroid of tendon.

STIFFENER R 1/2x3

TENDON HOLE
BEAM W 14x30

steel girders (Ekberg 1968). Klaiber et al. (1982) and Dunker et al. (1986)
studied the feasibility of posttensioning composite steel-concrete girders. A (a)
bridge model was tested, and the results were compared to a finite element
analysis. The agreement between the measured and predicted results was L 8-0’ N
good. Then, the method was used in strengthening two existing bridges in 7] 2-5/8"¢ STUD(@ 3 2/3'4 P2 9124 2-5/8°¢ STUD@ 3 2/3
the state of lowa. Guidelines were also developed for strengthening existing , —
single-span composite bridges. Tochacek and Amrhein (1971) presented the TENDON W14x30
concepts of allowable stresses and factors of safety as applied to prestressed
steel structures. In 1986, Saadatmanesh et al. (1989a, b) studied the behavior
of prestressed composite steel-concrete beams by testing two beams. One of ’EF
b o

a'-0° 6'-0"

15°-0" }
16°-86"

the beams was tested under positive bending moment and the other beam
under negative bending moment. Basu et al. (1987) studied experimentally
and analytically the behavior of two-span partially prestressed composite beams. ' : (b)
The beams were prestressed in the negative moment region to prevent crack-
ing over the interior support. The concept of prestressed steel has also been (*) INCH = 25.4 mm
studied in Europe, e.g., Bota (1971), Ferjencik and Tochcek (1980), and ‘ (') FEET =304.8 mm
Ferjencik (1982).

FIG. 1. Detalls of Beams A and B: (a) Section; (b) Elevation
EXPERIMENTAL PROGRAM

Three beams, A, B, and C, were tested to failure under positive bending
moment. Five additional beams were also tested to failure under negative
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FIG. 2. Details of End Plates of Beams A and B

bending moment. The test results of these five beams are not discussed in
this paper. They are described in detail in Ayyub et al. (1988).

After a thorough literature search and analysis, the experimental program
for this investigation was designed to study tendon type and profile (Ayyub
et al. 1988). Beams A and B were tested to study the differences in the
structural behavior between high-strength bars and strands as prestressing
tendons. Beams B and C were tested to study the difference in structural
behavior between straight and draped tendon profiles. The design parameters
of beams A, B, and C are described in Table 1.

Test Specimens

Beam A

As shown in Figs. 1 and 2, beam A consisted of a concrete slab, a steel
beam, and two prestressing tendons. The wide flange W360 X 45 (W14 X
30) rolled stecl beam had a total length of 4.83 m (15 ft, 10 in.) and was
supported on a 4.57-m (15-ft) simple span. The 1.07-m (3.5 ft) wide, 90-
mm (3.5-in.) thick, and 4.73-m (15.5-ft) long concrete slab was compositely
connected to the steel beam by means of shear stud connectors. The tem-
perature and shrinkage reinforcement consisted of No. 3 [0.375-in., (9.5-
mm) diameter] Grade 60 ksi (414 MPa) deformed bars placed in two or-
thogonal directions. Four pairs of bearing stiffeners were attached to the steel
beam at the supports and loading points. The steel beam was prestressed
with two 16-mm (5/8-in.) diameter Grade 150 ksi (1,036 MPa) thread bars,
cach having a nominal cross section of 180 mm® (0.28 sq in.). The pre-
stressing bars were anchored at the two ends of the beam 30 mm (1.2 in.)
above the bottom (tension) flange and were extended on both sides of the

2934

o

B8
STUD . I"
| 2-5/8° STUD @ 3%y (44EA) 5,g° 2-5/8'9STUD @ 325 (44EAN
/ - -
—

P Enlg

3 _ &

5

SADDLE |

A
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A - SECTION

FIG. 3. Details of Beam C

web along the full length of the beam. The prestressing was Perfgrmcd !)e—
fore the concrete was cast to prevent the concrete from cracking in tension
as a result of a negative moment induced by prestressing.

Beam B .
This beam is the counterpart of beam A with the same design details ex-

cept the tendon type. The beam was prestressed with two lS-mm (0.600-
in.) diameter, Grade 270 ksi (1,860 MPa) low-relaxation seven-wire strax}ds,
running the full beam length 30 mm (1.2 in.) above the bottom (tension)

flange.

Beam C )
This beam was tested to study the effect of draped tendon profiles com-

pared to the straight tendon profile on the structural behavior of the beams.
Beam C was similar to beam B and was prestressed with the same strand
except with a draped profile, as shown in Fig. 3. The strands were anchored
at both ends of the centroidal axis of the composite section, 32 mm (1.25
in.) below the top (compression) flange and were positioned between the
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_,l;:‘ - lg ; R 1/2x3 (TYP)

174

B- END ANCHORAGE OF BEAM 14
FIG. 4. Details of End Plates of Beam C R \ @ ' | SADDLE R
: 3/8” [ZZ l ]
loading points 30 mm (1.2 in.) above the bottom (tension) flange. Details . .-
of the end plates and saddles for beam C are shown in Figs. 3-5. | W
Materials | ‘
Concrete with the specified design compressive strength of 28 MPa (4 ksi) C- SECTION OF BEAM
at 28 days was used for the slabs. Nine concrete cylinders 150 X 305 mm
(6 X 12 in.) were cast and tested at the same time as the beams to measure ; FIG. 5. Detalls of Saddles of Beam C

the actual compressive and tensile strengths of concrete. The measured strengths !
of concrete are summarized in Table 2. Corrosion-resistant, high-strength,

i i ies of Materials
low-alloy structural steel, conforming to standard AS88 in the Annual Book TABLE 2. Mechanical Properties o

of ASTM Standards (1987) was used for all beams. After testing of beams, Yield Strength

three steel coupons were cut from the web of each beam near the support Standard Standard
and tested in uniaxial tension to measure the tensile strength properties. These Mean value | deviation Mean value deviation
properties are summarized in Table 2. Three samplés per beam of high- Element Mode [MPa (ksi)] | {MPa (ksi)] | [MPa (ksi)] | [MPa (ksi)]
strength bars and strands were tested in uniaxial tension to measure the yield = ) @ @ “ ®) ©
stress, ultimate strength, and elongation at failure. Table 2 summarizes the ' Steel beams Tension 411.6 (59.6) 4.2 (0.6) | 565.4 (82.0) 2.1(0.3)
measured yield stress and ultimate strength of tendons for each beam. The Prestressing bars | Tension 915 (132.4) | 2.8(0.4) | 1.091 (158.2) | 0.8 (0.1)
average clongations at failure of bars and strands were 8.5% and 5.2%, re- , 15;:!;:(1(50-6004"-) Tension 620 (235) N/AS 2017 (292) N/A
spectively. } C(;ncrele Compression N/A* N/A* 40.0 (5.8) 0.63 (0.1)
Design of Specimens ! Concrete Tension N/A* N/A 4.0(0.6) | 027 ©.04)

To maximize the elastic strength of the prestressed composite beams, a *N/A is either not available or not applicable.
well-proportioned section should be designed, so that concrete and steel reach
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!hctr allowable stresses simultaneously. Based on the working stress and ul-
timate strength design concepts of AASHTO specifications (Standa&r‘d 1983)
various sections of prestressed composite beams were examined analyticall ‘
In these analyses, slab size, prestressing force, and the eccentricity of tt{é
tendons were considered variable parameters. The results of these analyses
vaerg'used to determine the cross-sectional dimensions of beams A, B,yz;nd
iﬁ.cmli::mnnectors were also pl‘OVlded‘ln accordance with AASHTO spec-

Fabrication of Beams

The steel beams were fabricated in accordance with the AISC fabrication
procedures (quual 1980). Shims were utilized to maintain the eccentricit
gf the tendons in bgams A and B, and saddles were welded to the stiffeneri
for bg’am ‘C. Bearing plates were used at both ends to distribute the pre-
stressing force and prevent stress concentration. P

Prestressing
The maximum prestressing force was calcul i i i
T ' : ated with the interaction equa-
;:]ogns of AAS]—’}{O 3pec1ﬁcat10ns for beams subjected to axial force and bgnd—
moment. tails i é i
etiarvis e details of the calculations are provided elsewhere (Ayyub
Steel beam A was prestressed with two
el thread bars by means of a hy-
draulic Ja’ck. The load‘ was applied alternately in 22.2-kN (5-kip) incremen)tls
toieacg bar. The total. initial force in each bar after completion of prestressing
»:I)a(sr) I 3.4AkN (30 kips). Beams B and C were prestressed by two 15 mm
:h. —llll).)' diameter strands,. using two hydraulic jacks, one at each end. In
! ese’ eams, the prestressing force was applied simultaneously to both ten-
agns dr}d in o?ehstep. The initial force in each tendon of beams B and C
er release of the jacks was 173.5 kN (39 kips ips
ety (39 kips) and 146 kN (32.8 kips),

Instrumentations

All beams were instrumented with electronic measuring devices, and the
data were re'corded using an automatic data acquisition and reductior:n system
ThF strains in the concrete, steel beam, and prestressing bars were measured
using electric resistance strain gages. The force in the prestressing strands
was measured by means of load cells placed between the end plate aind an-
chorage ‘chucl.<s. The deflection at midspan was measured by two linear vari-
able dlﬂerentu'il transducers (LVDTs) symmetrically placed on both sides of
g’lnzcg(/jel:[ 2::-, mldspaln. Th(; end rotations were measured using clin;)meters

at the end plates o i : : i

Aot (200-kri)p) capacti?; It;eaadmsélil.‘hc applied load was measured using

ANALYSIS

Thet transformed area method and the strain compatibility method were
used in the analysis. The transformed area method, based on transformin
t_he.concrete area into an equivalent steel area, is valid within the elasti%
h.mlts of the materials. The strain compatibility method, based on the prin-
ciples of compatibility of deformations and equilibrium of forces, was lL)lsed
to calculate the stresses and deformations at all levels of loadin;g. The ul-
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timate capacity was calculated by assuming complete plastic formation of
the section. End rotations and deflection at midspan were obtained by in-
tegrating the curvature along the span.

Assumptions

The following assumptions were made in the analysis: (1) An clastic-fully
plastic stress-strain relationship for the steel beam and tendons; (2) a cubic
polynomial stress-strain relationship for concrete; (3) a linear strain distri-
bution through the full depth of the composite section; (4) complete com-
posite action, i.e., no slip between the slab and beam; (5) smail deforma-
tions; (6) constant eccentricity; and (7) unshored construction. The cifects

of creep, shrinkage, and residual stresses in the steel beams were neglected.

Increase in Tendon Force
The tendon force in a prestressed composite steel beam increases due to

the application of gravity loads. This increase in the tendon force can be
calculated by using either the strain energy principle or the compatibility of
elongation of the tendon and beam fibers at the level of the tendon at the
anchorage points.
To calculate the increase in tendon force by the strain energy method. the
total strain energy equation given by Hoadley (1961)
e L, ATL AT
U=—" (M — ATe)dx + + —
2E.1, ), 2E,A, 2EA,
is differentiated with respect to AT. The result is then equate
solved for AT, giving

L

d to zero and

e
-J Mdx
L Jy ,
AT & e e (2)
,  EJd, L
&+ — + —
EA, A

where AT = increase in tendon force; e = eccentricity of tendon from cen-
= applied moment; E, = mod-

troidal axis of section; L = span of beam; M
donm; [, =

ulus of elasticity of steel beam; E, = modulus of elasticity of ten

moment of inertia of steel section; A; = cross-sectional area of steel beam;
g. 2 represents

and A, = cross-sectional area of tendons. The integral in E
the area under the applied moment diagram. The increase in tendon force
due to uniformly distributed load w for a straight tendon profile can be de-
rived as a special case of Eq. 2 and is given by
wel.?
(3)

1 i e
20—+ =+ —)
A A, I,

For a draped tendon profile, the compatibility of elongations of the tendon
and the beam fibers along the tendon at the anchorage points is used to obtain
an expression for AT. The elongation of the tendon is given by

AT s e
A = e b+ 2a )] (4)

[at]




The clongation of the beam fiber at the level of the draped tendon 4, is
given by

o 5
A, =2 J~ €, —dv t eb= e,(— a t b) ............................ (5)
o a” 3

The compatibility condition at the anchorage points requires that A, = A,.

a
a S
Equating Egs. 4 and 5 and solving for the increase in the tendon force AT, A - j
the following expression results: L L N
2 ’

A,Ii,g(g a + b) (a)
AT = (6) M

b+ 2a’ + &) ‘ M <My

In Egs. 4-6, b, a, and ¢ = the distances as shown in Fig. 6; and €, = the
strain of the beam fiber at the level of the tendon at midspan. i

(b)
Transformed Area Method

The transformed area method is used to determine the stresses and dis-

. ) €g
placements of prestressed composite beams in the elastic region. The cross- €n(x) '
sectional ies of th d ite b d afi h
properties of the prestressed composite beams are computed after

tranforming the concrete into equivalent steel using the modular ratio n. The
steel beam alone resists the effect of initial prestressing force and dead load.
The stress due to dead load and prestressing force at the top of the steel « éh(x)=(_€i!§')x
beam is given by 4—/——’*

~T AT, M;C AT,eC M,C ()
fum e 0

A, A, 1 I I ?
and the stress at the bottom of the steel beam is given by s 3

-T AT, M;C AT,eC  M,C 1 {x) x?
= — - — = - b 8 | =(EhXNx-€3-5
s A, A, I 1, 1, : €alx)*" >

where M; = moment due to prestressing force T; e = eccentricity of tendon

from centroid of steel beam; C = distance from centroid to extreme fiber of

top or bottom flange; I, = moment of inertia of steel beam; A, = cross- (d)

sectional area of steel bcam; M, = moment due to dead load; and AT, = Increase In Draped Tendon Force: () Beam with Applied Load; (b) Bend-
increase in tendon force due to applied load. . The stress distributions across FIG. 6. Incre  (c) Strain Diagram of Horizontal Fibers at e from Neutral

. . p t Diagram;
!heF(_lepth of the beam due to various components of internal forces are shown ‘ :‘)?‘:::‘T;n( d) szaln Diagram at Level along Draped Tendon
in Fig. 7.

e e et o b TR A 5 A -

The composite section resists the live load plus impact stresses. The trans-
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. . c T [ M. C
formed area A, and moment of inertia I, are used to calculate the stresses T A_Tf M—T———l A-——-—-DT —E‘: tai
in the concrete and the steel beam, as well as the increase in tendon force. \ As ° ° )
The stresses at the top and bottom surfaces of concrete slab f, and f,, are
given by c =
+_ ¥y = N
Top stress: I R i O S B
1 [ AT, AT,e,C, C. cle f
fir=~— (— il LAl *5——) .............................. 9¢) 1+-,, :
n A, I, I, | fai p
Bottom stress: 3‘
1 [ AT, ATie,Co. M,C, FIG. 7. Summation of Dead Load Stresses i
=\ - B S (9b) !
n A, I, I, b
t
¥
|
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FIG. 8. Strain and Stress Distribution through Beam Depth (Saadatmanesh et al.

1989)

wher? 'AT,_ = increase in prestressing force due to live load M, ; e, = ec-
centricity of_ tendon from centroidal axis of composite section; C L= gistance
from centroid to top surface of slab; C,. = distance from centro'i(d to bottom
surface _qf slab; A, = area of transformed composite section; and I,, = mo-
ment of inertia of transformed composite section. The total s’tresses”are cal-
culated by superimposing the stresses due to prestressing, dead load, and

live loads. The stresses at the top and bottom fib
i fo e g b ¢ p m fibers of the steel beam, f,

Top stress:

ATL + ATLetrCu MLCI:

f =fy + —— .-

o A, I, SRR R LR R REEERER (10a)
Bottom stress:

f=fut AL A_TL_e'__C_'Q M. C,,

T a, L T (10b)

:;{here C,. = distanccf. from centroid to top surface of steel beam; and C,, =
istance from centroid to bottom surface of steel beam. These stresses should

be compared to allowable stresses in the AASHTO specifications i
Dot specifications for design

Strain Compatibility Method
A §tra1n compat?bil?ty method, based on the principles of equilibrium of
forces and compatibility of deformations, is used to determine the state of

stresses and deformations in the prestressed composite beams throughout the
entire range of loading up to failure.
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The stress-strain distribution across the depth of the section for the elastic
and elastic-plastic state of the stress is shown in Fig. 8 (Saadatmanesh et al.
1989). For ease of calculation, instead of increasing the loads, the strain in
the extreme fiber of the tension flange is increased in specified increments.
After each increment of strain, the location of the neutral axis is calculated
by iterations until the equilibrium of forces across the depth of the cross
section is reached. The internal resisting moment is then calculated by sum-
ming the moments of all internal forces about the neutral axis. The corre-
sponding applied force is found by equating the internal resisting moment
and the moment produced by the applied load. The details of this method
are given in Saadatmanesh et al. (1989).
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Beams A H eS i
o tcswd.z’?.d:nq C3 were tested under positive bending moment. They
gpcc(iv({ly o ex)rf)sc,rin() dtai/s, anld 41 days after casting the concrete, re-
spec . ' nental results are compared to ~orre ing
alytical results in the following sections. P the comesponding an-

Beam A

li""é‘?ci:uﬁjsuxgd }Io:ij t\;grsus dcﬂccti«l)n. curve for beam A is shown with solid
fin¢ unk)adgih ¢ ‘a[ 3;(, Ic:hdvmr was initially linear and elastic. The loading
Atz cufve o N (80 lqps) showed a perfect linearity in the load-
e ecnon ¢ .b en the tensnop (bottom) flange began to yield, the load-

urve became progressively nonlinear as yielding progr;:ssed into
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the web. At a load of 667 kN (150 kips), the curve showed a plateau because
of the reduced beam stiffness due to the yielding of the steel beam and

prestressing bars. The predi

cted load-deflection curve is shown with dashed

lines in Fig. 9. The measured and predicted load-deflection curves agree well

throughout the entire range o
by assuming a complcte plastic sta

f loading. The ultimate strength was calculated
te of stress at midspan. The resulting load

is 725 kN (163 kips) and is in reasonable agreement with the measu.red pl—
timate load. The measured loads versus end rotations are also shown in Fig.
9. The load-rotation curves are similar to load-deflection curves. The mea-

sured and predicted load versus strain in the
concrete at midspan are shown in Fig. 10. T
and elastic. After the tension flange yielded at
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FIG. 12. Load-Strain Curve for Prestressing Bars of Beam A

kips), the beam stiffness reduced with nonlinear behavior until concrete crushed
locally at a strain of 0.0021. The premature crushing of concrete occurred
due to high localized stresses near the loading points. In the elastic region,
the centroidal axis of the composite section was located in the steel beam.
This resulted in compression stresses in the bottom surface of concrete. After
the steel beam yielded, the neutral axis shifted upward, resulting in tension
stresses in the bottom surface of the concrete, as shown in Fig. 10. The
predicted concrete strains for the top concrete surface, shown with dashed
lines in Fig. 10, agreed reasonably well with the measured values. The small
deviation between the measured and predicted values can be attributed to
incomplete composition action and yielding of shear studs.

Similarly, the measured load versus strain in the extreme fibers of the top
(compression) and bottom (tension) flange of the steel beam were plotted
and compared with the analytical results. These curves are shown in Fig.
11. The measured load versus strain in the bars is shown with solid lines in
Fig. 12. The strain in the bar increased linearly with an increase in the ap-
plied load in the elastic range. After the bars yielded at a load of 500 kN
(112.4 kips), the slope of the curve slightly reduced. After the tension flange
yiclded at about 600 kN (135 kips), the stiffness further reduced, and as
yielding progressed into the web, the curve flattened more until the ultimate
load was reached at crushing of the concrete.

Beam B

The load-deflection and load-rotation curves for beam B are shown in Fig.
9. The behavior of beam B was very similar to that of beam A. It was
initially linear and elastic. After the tension flange yielded at a load of 623
kN (140 kips), the stiffness reduced and the behavior of the bcam became
nonlinear until failure was reached by concrete crushing. In this case, the
measured load-deflection curve shows less stiffness than the analytical one.
This was due to slip between the concrete slab and steel beam and the de-
formation of shear studs, and also the additional anchorage set of the pre-
stressing strands during the load application. The measured ultimate load for
this beam is slightly larger than the calculated one. The difference can be
attributed to the strain hardening of steel, which was not considered in the
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analysis. The midspan deflection at failure was 56 mm (2%. lm)h "flll\tllsm (31:;
flection was smaller than that of beam A, 6: mdm (tZl? m.)a,swle; Se tth :n uimase
d slightly larger, indicating that the ductility w
{)Oczmwli? Figg. l())l shogws the load versus strain in thf: top and bottom ﬁpers)
of the concrete slab. The Joad-versus-strain curves in the top (cqmp;t:lssl;)‘zle
and bottom (tension) flanges of the steel bez.im are sho.wn.m Flg.. . e
tension flange showed large plastic deformation after yle!dmg. B:;gu:f:astic
i to the neutral axis, it remal
compression flange was very close. . e ines the
i . Fig. 13 shows with sO%
throughout the entire range of loading . _ o
i 1 he force in the cable increasc
load versus increase 1n the strand force. T j ; o
i i i i ion flange yielded. Thereafter,
linearly with applied load until the tension : :
t:ehavi}(l)r became nonlinear until failure by concrete cr}lshmg. The predlci;(;
curve is shown in Fig. 13 with dashed lines. The difference between

two curves is due to the same reasons discussed for beam A.

B C _
e’?‘:le main feature of beam C is the layout of the prestressing tendons. The

i i d-rotation curves for beam C
ured and predicted load-deflection and loa : s f¢
:;Za:hown in lgig. 9. The general behavior of this beam was similar to that
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;)Ilzt();:li]l;?.”tz;wbc)v'cr, the tension flange yielded at a smaller load, 534 kN
(0 VCry» é]ose [O(;;l]l-n B, 623 kN (140 kips). The ultimate load of this beam
o hd-t, of beam B. The midspan deflection at failure was 74
mm | d.ucm.it, S!c _115 more than that of beams A and B, possibly indicating
more Shmzzéd ;:L asrlitf(;n:::r:lh’B, tl:]e measgred load-deflection curve for
C0$I£)0sliledaction and deformatiO:notf :h::flsyt[l:fizl urve. due to incomplete
sh()W; i:‘)aFigveﬁ)us;tmm curves for the top and bottom concrete fibers are
shown In Pl ,bear.ns 1:; c'()ncretc failed at a strain of 0.0038, which was higher
than that of beams ‘,md B. The l(.)ad versus strain in the bottom fibers
wvard and im[; oS 1oln band changed into tension as the neutral axis shifted
ot (e slab. The load-versus-strain curves for the top (compres-
sion) and bortom tensmn). flanges of the steel beam are shown in Fig li
ihe load versu 1n?rease in tepdon force is shown in Fig. 13. The te. d .
s in beams B and C at failure were almost the same. reen

Coll:]l;t):.rison betw-een Bars and Strands for Prestressing

5 werelsu:(t:jdz, hlgh—strength thread bars for beam A and strands for beam
stressing bars Zrztrri:f:ltxfzgﬂrézndqgf for'll))lr)eiltressmg e s, minn

s with a ribbed surface havi ini
:)err;;lreesstir:ngtth'bcdtwccn 1,000 MPa (145 ksi) and 1,100 MP:an(gl 6a()rlr(];?)lm'll‘ll:2
presires: teisslrdn s are produced from seven-wire, high-strength steel. The
Rpriving (217eosl§r§;lg¥1hof the strands ranges from 1,725 MPa (250 k'si) to
et tyoc bar ailchorazewelgggi-;)épteoa:clhorage chuck has a higher set than
, arger prestress loss.
k)zz;sc(:)? :)l:]et:‘l:, Ogci)neral load-deflection behavior of beams A and B, the yield
oads of the two t?'ar:,]s are almost the same; however, the ultimate load of
beam B 18 nuch Alg er than thazt of beam A. The cross-sectional area of
cach bar in beam 2 was2 180 mm (9.28 sq in.), and the area of each strand
in beam B was - hmm 0.216 sq m.)._Allhough the area of the strand was
pmal B, Thcreforge e:hstrand strength, higher ultimate load was achieved for
beam B el » the use of strands can result in savings in the overall
ght and can be preferable to using bars as prestressing tendons

Lofl;lpari;on between Straight and Draped Tendons
R . "
drapez:jn][cnd‘(’:::hp:gf"lS(r‘}Il‘%]ht tendon profile was compared with beam C with
' ile. The moment produced by th i ic
stressing force nearly counter Y dnood oy the asptiod load.
2 acts the moment produced i
and a higher shear resist i i e verical oot honent o
ance is obtained due to th i ’
and 8 g . o the vertical component
e g;z;l;g%:éﬁﬁ Otsndor;. lforclt;, in the case of the draped profile Inpadditio(l:f
t profile allows more rotation in the b : ’
e e d ! e beam and, therefor
nere Tisigd:;:]t;hty. However, a straight tendon profile results in higher yieii
Moreove£ " fgis the elastic range of behavior and improves serviceability
Moreove éostral{%hh ter:lc]ions can be more desirable due to their lower con.
. s, the use of the straight tendon ile i i
tageous than that of the draped tendon pl%)ﬁle. profile is more advan-

SuMMARY AND CONCLUSIONS

Three speci 5 S i
e pozi[iicsm;;:ns .of prestressed composite girders were tested to failure
e bending moment. An experimental program was developed
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including tendon type and pro-
don force and applied load were
the entire range of

to study various aspects of these specimens,
file. Deflections, strains, and increases in ten
measured and compared to predicted values throughout
loading up to failure.

Two analysis methods were discussed, i.e.,
and a numerical method based on strain compatibility.
correlated well with the experimental results.

Based on the experimental results and the analysis of the prestressed com-

posite beams, the following conclusions arc drawn.

the transformed area method
The analytical values

1. The analytical model based on the compatibility of strains and equilibrium

of forces predicts well the stresses and deflections.

2. Prestressing a conventional composite girder can signi
load at which first yielding occurs and the ultimate capacity of the beams.

3. The assumption of zero slip condition may not be justified, because some
slip occurred in the tests resulting in larger deflections than predicted.

4. Higher tendon eccentricity results in higher ultimate strength for the beams.
Thus, tendons should be located below the bottom (tension) flange, if possible.

5. Larger tendon area for the same prestressing force reduces the deflections

and increases the ultimate load of the girder.

6. The use of strands as prestressing tendons i
higher streng(h—lo—weight—ratio.

7. Draped tendons increase ductility compare
ever, straight tendons can be more desirable due t

ficantly increase the

s preferable to bars due to their

d with straight tendons. How-
o their lower construction cost.
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AppPeNDIX Il. NOTATION

The following symbols are used in this paper:

= cross-sectional area;

fraction of beam length between loading points;
distance from loading point to anchorage;
distance from centroid to point within section;
differential,

elastic modulus of elasticity;

eccentricity from centroid of tendon to steel beam;
stress;

compressive strength;

= moment of inertia;

= span length of beam;

moment;

modular ratio;

prestressing force;

total strain energy;

uniform gravity load,;

distance along span;

I
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top of steel beam due to prestressing and dead load; and

AT = increase in tendon force; and
e = strain.
Subscripts
b = bottom fibers;
be = bottom of concrete slab;
¢ = concrete slab;
¢l = top surface of slab;
¢2 = bottom surface of slab:
D = dead load;
L = live load,
s = steel beam;
T = tendon forcc;
t = tendon;
t¢c = top of concrete slab;
tr = transformed section;
2i =
3i =

bottom of steel beam due to prestressing and dead load.
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