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The following symbols are used in this paper: ANALYTICAL STUDY FOR NEGATIVE MOMENT

By Bilal M. Ayyub,' Member, ASCE, Young G. Sohn,?

f = stress; _ ) ' and Hamid Saadatmanesh,® Associate Member, ASCE
K = stress relaxation factor for prestressing strands; and

I = tme. ABSTRACT: A method for the structural analysis of prestressed composite steel-
concrete girders was studied in this paper. The deflections, forces in the prestressing
Subscripts tendons, and strains in the steel beam and concrete slab of composite girders were
P o—  initi ; ; ] . computed throughout the entire loading range up to failure. Equations are provided
pt _ initial _stress n pr.eStreSSlng steel; ‘ for the calculation of the yield and ultimate load capacities of the girders. The
ps = stress in prestressing steel; and developed analytical models were based on the incremental deformation method.
py = vyield stress of prestressing steel. The results of the analytical study were compared with test results of several girders.

Reasonably good correlations between analytical and experimental results were
obtained. Also, the results showed that a substantial increase in the yield and an
increase in the ultimate load capacities can be achieved by adding prestressing
tendons to the composite girders and prestressing them. It was determined that
the most effective construction sequence for prestressed composite girders in neg-
ative moment regions is to posttension the composite girders with tendons in the
concrete slabs.

INTRODUCTION

The prestressing of girders in structures introduces initial stresses and ,
strains in directions that are opposite to those induced by external loads. 3
Prestressing composite girders in positive moment regions has long been
recognized as an efficient structural system. However, prestressing com-
posite girders in negative moment regions is just starting to receive a general ]
acceptance by the engineering community. In the negative moment region
of continuous nonprestressed composite girders, some conservative design
practices ignore any contributions of the reinforced concrete slabs of the
composite girders and consider only the contributions of the steel beam
sections to the structural capacities of the girders. These practices are com-
monly artributed to the cracked behavior of the concrete siabs. Prestressing i
composite girders in negative moment regions can prevent cracking of con- 4
crete slabs in the service conditions, and reduces the deflection of the girders
due to their increased stiffness. Fatigue strength can also be greatly improved ‘
by reducing the tensile stress ranges in the top flanges of the girders. The
ultimate capacity and the elastic range of the structure can also be increased
by adding tendons to the composite girders and prestressing them. Pre- 3
stressing the critically stressed areas of the girder reduces stresses and de- k.
formations, increases the load-carrying capacity, and results in an econom-
ical design with efficient use of materials. Providing multiple load paths in 4
the tension region of a girder consisting of the flange and the prestressing i
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tendons also adds to structural redundancy, and could reduce the likelihood
of catastrophic failure of bridges.

This paper discusses mainly the incremental deformation method for the
analysis of prestressed composite steel-concrete girders in the negative mo-
ment region. Also, the transformed area method is briefly discussed. The
incremental deformation method is used to calculate the stresses and de-
formations at all levels of loading, including elastic and inelastic regions,
up to the ultimate capacity of the girders. The results of the analytical study
were compared with test results of several girders.

Previous WORK

An early work in this area was by Dischinger (1949), who proposed, in
a series of papers, to prestress entire bridges by means of high-strength
cables. Szilard (1959) suggested methods for the design of prestressed com-
posite structures. He discussed the analysis for the concrete-steel composite
beams based on the assumption of perfect composite action between the
slabs and the steel beams. Prestress losses due to creep and shrinkage of
concrete and stress relaxation of steel were considered and included in the
calculation. Hoadley (1961, 1963) investigated the behavior of simply sup-
ported steal beams prestressed with straight high-strength cables and com-
positely connected to a concrete deck. He developed equations to calculate
the stresses and the increase in tendon forces due to applied loads in the
elastic region and at the ultimate load. The effects of slip between the slab
and steel beam, and of shear connectors on the behavior of conventional
composite beams, were experimentally investigated by Viest et al. (1952)
and Siess et al. (1952). Various types of shear connectors, mostly channel
sections, were investigated by them. It was concluded that the slab rein-
forcement in the negative moment region was fully effective in contributing
to the ultimate moment capacity of the section where shear connectors were
provided throughout the region. Similar findings were reported by Culver
et al. (1961) and Slutter and Driscoll (1962). Regan (1966) studied analyt-
ically the behavior of single-span prestressed composite beams. The effects
of varying the prestressing force and tendon size on the load capacity of the
beams were investigated and compared with the corresponding effects of
the variation of cover plate sizes for conventional composite beams. The
subcommittee on prestressed steel of the joint ASCE-AASHO committee
on steel flexural members reviewed the state of knowledge in the area of
prestressed steel girders in 1968 (Ekberg 1968). The committee summarized
three methods to analyze prestressed flexural members, and provided a
comparison between prestressed girders and conventional nonprestressed
girders. Tochacek and Amrhein (1971) discussed the concept of allowable
stresses and factors of safety as applied to prestressed steel structures.

Saadatmanesh et al. (1989a) studied the behavior of prestressed composite
beams and developed analytical prediction models. They compared the
analytical results with experimental data of a prestressed composite beam
that was tested by the same researchers. (Saadatmanesh et al. 1989b). How-
ever, their first test was limited to a composite beam made of a rolled steel
section. Basu et al. (1987) studied experimentally and analytically the be-
havior of two-span partially prestressed composite beams to verify the an-
alytical predictions on the basis of experimental data. They concluded that
partial prestressing increased the capacity of the girders by about 20%. They
also concluded that prestressing effectively prevented slab cracking and
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stiffness loss in negative moment regions under service conditions. The
cracks that would occur due to overloads were observed to close upon
unloading. Dunker et al. (1986) studied posttensioning distrnbutlon in com-
posite bridges, and Dunker et al. (1988 and 1990) studied posttensioning
methods for strengthening three-span continuous bridges. They conducted
model and field tests, and compared the results to predicted structural
responses based on finite element analyses. The concepts of prestressed
steel structures were also studied by Tochacek (1971), Troitsky et al. (1989),
and Troitsky (1990). o

The techniques of prestressing composite girders have been developed
not only for strengthening existing bridges,but for new bridge construction.
For example, these techniques were recently used, as described by Seim et
al. (1982), for the new construction of the'Bon.ner’s Ferry bridge in northern
Idaho. The steel plate girders used in thls'brldge have spans ranging from
30.5 m (100 ft) to 47.2 m (155 ft). The bridge was pr_estressed only in the
negative moment regions using two stages for prestressing. In the first stage,
the steel plate girders were prestressed before concrete placement of the
slabs. Consequently, this prestressing force rqduced the tensile stresses of
the relatively thin top flange due to the weight of the slabs. Then, the
composite concrete-steel girders were prestressed, in the second stage, by
tendons in the concrete slabs. Therefore, the entire span of the bridge was
designed to be in full composite action under.servic.e loads. Transverse
prestressing was also used in this bridge. The writers dl_scussed se_:veral ben-
efits for prestressing, including weight and cost, reductions, vertical deflec-
tion reduction, and higher redundancy by providing multiple load paths.

ANALYTICAL METHOD

The incremental deformation method was mainly used in this paper for
the analysis of prestressed composite girders in negative moment regions.
The following assumptions were made in the analysis for a typical cross

section of a prestressed composite plate girderin a negative moment region,
as shown in Fig. 1:
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FIG. 1. Typical Cross Section of Girder at Negative Moment Location
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L. For the steel beams and prestressing tendons, the elastoplastic rela-
tionship, as shown in Fig. 2(a), was assumed. For the concrete in the slabs,
the stress-strain relationship, as shown in Fig. 2(b), was assumed. The con-
crete in tension was assumed to perform linearly, whereas in compression
it was modeled using a higher-order polynomial.

2. The strain distribution across the full depth of the composite girder
was assumed to be linear.

3. Deformations caused by concrete creep and shrinkage are not consid-
ered. However, relaxation of the prestressing tendons was considered. (Ayyub
et al. 1990).

4. Residual stresses in the steel plate girders were not considered.

5. Perfect composite action was assumed. In the analysis, noslip or shear-
stud deformation was assumed.

6. The assumptions of beam theory and small angles were used.

7. The prestressing tendons were assumed to be longitudinally restrained
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FIG. 2. Stress-Strain Relationships: (a) ldealized Stress-Strain Relationship for
Steel; (b) Idealized Stress-Strain Relationship for Concrete
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at their ends and positioned at a constant distance from the plate girders
throughout the loading range.

Construction Sequences

Construction and prestressing sequences are very important in determin-
ing the stresses in the concrete, steel girders, and tendons of prestressed
composite girders. The analysis and design of a prestressed composite girder
could change significantly, depending on the sequence of construction and
prestressing. The following three construction sequences were identified in

this study:

1. Construction sequence (a): According to this construction sequence,
the concrete slab of a composite section should be fabricated as a precast
pretensioned element. The steel plate girder should be prestressed sepa-
rately, and then it is compositely connected to the concrete slab by grouting
special pockets in the slab that are provided at the shear-stud clusters (or
groups) on the top flange of the girder.

2. Construction sequence (b): The concrete slab in this sequence should
be fabricated as a precast pretensioned element, and then it is compositely
connected to the steel plate girder by grouting the pockets in the slab around
the clusters of the shear connectors. Then, the composite girder should be
posttensioned either by tendons in the concrete slab or by tendons under
the top flange of the steel girder.

3. Construction sequence (c): The composite girder is firstly constructed
without any prestressing. The concrete slab in this case can be a cast-in-
place element. Then, the composite girder is posttensioned either by tendons
in the concrete slab or by tendons under the top flange of the steel girder.

Construction sequences (a) and (c) were recently investigated by Ayyub
et al. (1990) by structurally testing five girders that were constructed ac-
cording to the two sequences. Therefore, the discussed method of analysis
in this paper was applied to these two construction sequences for the purpose
of illustration. In analyzing or designing prestressed composite girders ac-
cording to these sequences of construction, two stages of loading should be
considered, an initial stage where the stress effects of the the prestressing
force and dead load are considered, and a final (service) stage where the
stress effects of live load, impact load, and the loads of the initial stage are

considered.

Construction Sequence (a)
In the initial stage, the stress in the concrete slab due to a prestressing

force applied at midthickness of the slab is given by

b =L (1)

ACS
The prestressing-induced stress in the steel girder is given by

— TLS _ Ti_vesy
frm mgt T )

s

where T,, = initial force in prestressing tendons in concrete slabs; A, =
cross-sectional area of concrete slab; A, = cross-sectional area of steel girder;
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T, = initial force in prestressing tendon for steel girder; I, = moment of
inertia of steel girder; e, = eccentricity of tendons in steel girder measured
from the centroid of the steel girder, positive below the centroid and negative
above the centroid; and y = distance from the centroid of steel girder to
any point in the cross section, positive above the centroid and negative
below the centroid. At this stage, the dead load of the concrete slab and
steel girder (CL) is carried only by the steel girder. The stress in the steel
girder due to dead load is given by

ATy My, — ATye,
- +
A, I,

ﬁ =

where My, = magnitude of dead load moment; and AT, = increase in
tendon force due to dead load, given by Hoadley (1963) as

e, (-
z 0 M[)L dx
ATy, = TR L e (4)
2 = 4 2
“TEA A

where L = span of girder; dx = length differential along centroidal axis
of girder; A, = cross-sectional area of tendon; and E, and E, = moduli of
elasticity of steel girder and tendon, respectively.

In the final stage, the transformed cross section of the composite girder
carries the live and impact load (LL). The stress in the concrete slab due
to this load is given by

o ATy, My - AT, e,
= - + P 5
fe=+ ( A, I y ()
The stress in the steel girder is given by
f= AT My = ATuer o (6)

14
A r I Ir

where A,, = area of transformed composite section; I, = moment of inertia
of transformed composite sectoin; y,, = distance from centroid of composite
section to any point in cross section, positive above centroid and negative
below centroid; e, = eccentricity of prestressing tendon from centroid of
transformed composite section, positive below centroid and negative above
centroid; AT,, = increase in tendon force due to live and impact load;
M, = magnitude of live and impact load moment; n = the modular ratio
E/E.; E. = elastic modulus of concrete; and a = 1 for uncracked slab and
0 for fully cracked slab. The increase in tendon force due to live and impact
load can be computed using an equation that is similar to (4) and based on
transformed section properties.

The stresses in the plate girder due to prestressing, as given by (2), should
be checked for any possible instabilities of its components as required by
design specifications [e.g., Standard (1983)]. The stresses due to dead, live,
and impact loads, as given by (3)—(6), act in opposite directions to pre-
stressing stresses at corresponding locations. Therefore the prestressing of
composite girders has the benefit of increasing the elastic as well as the
stable range of the plate girders.
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Construction Sequence (c) 4
Before applying any prestressing force and with the concrete slab cast,
the initial stage stress in the steel girder due to dead load of slab is given

In this case, the composite section is assumed to be posttensioned, with
tendons in the concrete slab. Therefore, the stress in the steel girder is given
by

T T.e
o 8
s A” I,, ylr ( )
The stress in the concrete slab is given by
a T; T,e
e 7 Tt 9
fe=+ ( AL y,r) 9)

In the final stage, the stress in the steel girder and concrete slab due to
live and impact load (LL) can be similarly determined as follows:

ATy, M, — ATy, e,

= — = e 10

fs A, + T Ve (10)
af AT, M, — AT.e, )

=—1 - + vl e 11

Je n< A, I, Y (11)

The increase in the tendon force due to LL can be determined using a
similar approach as given by (4). The stresses at the top of the concrete
slab (f..), and the extreme fibers of top (f) and bottom (fir) steel flanges
due to live and impact load (LL) are respectively given by

f_gLAmwgﬂmgw+%—@wwmw+%—@)
lm—n

A, I,
.......................................................... (12)
= Ay “ATyen(d — dy) * Myld —dy) (13)
A, I,
for = _AZLL + "AT'-L"’"‘dIN + Mydy (14)

where d = depth of steel girder; £, = thickness of concrete slab; and dy,
= distance from centroid axis of composite girder to exterior surface of
bottom steel flange. Other parameters were previously defined. Once the
top surface of the concrete slab reaches the allowable tensile stress, i.e.,
modulus of rupture, A, €, dy, and 1, should be recalculated according to
the cracked section, in which the concrete slab is excluded from calculations
of section properties. The final computational step is to add up the stresses
of the initial stage [as given by (7), (8), and (9)] to the stresses due to live
and impact load [(10) and (11)] in order to determine the total stresses in
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the final stage. The total stresses are then compared with the corresponding
allowable stresses outlined in relevant design specifications.

Incremental Deformation Method

The incremental deformation method computes strains, stresses, defor-
mations, and forces based on numerically satisfying the conditions of force
equilibrium and deformation compatibility for prestressed composite girders
at any loading level. The method can be used for predicting the structural
response of girders in the elastic as well as inelastic ranges of loading.
According to this approach, the strain in the extreme fiber of a prestressed
composite girder is assumed to increase in specified increments. The strains
at all levels of interest within the cross section of the girder are then cal-
culated using an assumed linear stress diagram, i.e., using similar triangles.
The resulting strains are expressed in terms of the unknown location of the
neutral axis. The corresponding stresses are then calculated from the stress-
strain relationshps for the corresponding materials. At each strain level, the
location of the neutral axis is iteratively calculated based on satisfying the
condition of force equilibrium using a numerical method, e.g., bisection
method. The internal resisting moment is then calculated by summing up
the bending moments of the section forces with respect to the neutral axis.
The applied load is then calculated using an equation that relates the internal
moment at the investigated cross section to external moment at the same
section due to external loads. The resulting strains are then used to deter-
mine the curvature variation along the span of the beam, which is needed
to compute the deformations of interest. The details of these computational
steps are described in the remaining part of this section.

Stress-Strain Relations
The stress-strain curves for the concrete and the steel of plate girders and
tendons were assumed as shown in Fig. 1.

Strains
The strains at all levels across the depth of the cross section are determined
based on the assumed strain (&, ) at the bottom steel flange and the unknown
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FIG. 3. Stress and Strain Distribution across Girder Depth
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location of the neutral axis (dy). As shown in the strain diagram of Fig. 3,
the strains are calculated from similar triangles in the strain diagram. The
following relations are accordingly obtained:

Bal = S Bal e (15a)
d t
£ = R (15b)
dy
d-—dy —t
€y = — dl”v A P (15¢)
£, = 4 ;NdN By1 e e et (15d)
Bl T OUEyq « v e e (15¢)
e = 47 O'Z'” Ay (151)
N
e, = -4t '3 Dy (15g)
N
£, = Y (15h)
AE,

where 1,, = thickness of bottom steel flange; &, = thickness of top steel
flange; e,; = assumed strain at bottom surface of bottom ﬂgmgfa, which is
increased in specified increments; €;,, &2, &3, and g,, = strains in the steel
beam, as shown in Fig. 3; ¢, and e, = strains in the concrete; g, = strain
in tendon; and €, = strain in the reinforcing bars in the concrete slab. Other
parameters in (15) were previously defined.

Stresses )

The stress diagrams for the elastic and elastoplastic regions are shown in
Fig. 3 for a composite cross section under a negative moment. The stresses
at all levels across the depth of the girder are calculated from the stress-
strain relationships of the materials using the computed expressions of the
corresponding strains. The stress-strain relationships can be linear or non-

linear.

Internal Forces ' ) ) '
The internal forces in the cross section are determined by integrating the

stresses over the corresponding areas of action. A general internal force
equation is given by

F, = f _ Fodsh oo (16)
overstress arca JA

where f, = stress; i = coresponding stress area; and &, = force that can
be either tension (7) or compression (C), as shown in Fig. 3.

Location of Neutral Axis and Internal Resisting Moment
The location of the neutral axis dy can be determined based on the
equation of force equilibrium across the depth of the cross section as follows:
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AT+ X Fo=0 o (17)

all forces

where AT = increase in tendon force due to application of external loads.
Eq. (17) can be solved iteratively for the value of d,, that satisfies the force
equilibrium condition.

The internal resisting moment is then calculated by summing up the
bending moments of internal forces with respect to the neutral axis using
the following equation:

M= ATd, + > Fd, ... .. ... (18)

all forces

where d; = moment arms, as shown in Fig. 3.

External Loads

The external loads that result in the computed internal moment can be
determined from equating the internal resisting moment to the external
moment due to the applied loads.

Tendon Force Increase due to External Loads

The prestressed composite girder can be considered as an internally in-
determinate structure to the first degree. The increase in tendon force due
to external loads can be determined based on a deformation compatibility
condition, which requires the elongation of the tendon due to tendon force
increase (AT) to be equal to the girder elongation at the level of the tendon
between the anchorage points of the tendon due to external loads.

In the elastic region of the materials, the bending moment, strain at
tendon level ¢, and curvature ¢ diagrams due to, for example, a concentrated
load at midspan are shown in Fig. 4 with the length fraction « = 0. The
external load and bending moments, in this case, are less than the corre-
sponding yield values. The elongation of the tendon 8, due to its force
increase AT is given by

_ATL

AE, e
The deformation of the steel girder at the tendon level (3,) is determined
by integrating the strains at that level between the anchorage points of the
tendon. For the beam shown in Fig. 4, this deformation is equal to the area
under the strain diagram. The strain e, in the girder ends at the tendon
level is caused by the increase in the tendon force and is given by

ATe?
B T T
EI

The increase in the tendon force AT can now be calculated from equating
5, and 8,. The resulting tendon force increase is given by

B

1 3
AT = — e
> 2 2

—_— + —_—
AE  EI
where €, = strain at tendon level.

The inelastic behavior of a girder begins by exceeding the elastic limit of
one or more of the materials. In this case, the elastic-plastic strains should
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be considered as shown in Fig. 5, with a = 0. In this figure, the bending
moment, strain at steel level €, and curvature ) dlagrams dqe to, fordex-
ample, a concentrated load at midspan are shown. The increase in the tznfon
force AT can be similarly calculated from equating 8, and d,. These defor-
mations can be calculated using (19) and the area under the strain di)agram
in Fig. 5, respectively. The resulting tendon force increase is given by

1
AT = ‘ﬂ{i’ [(L — L)e, +e,) + 5 (L — 2L) (g — &) — saL] o (22)

= [L(My; + MD{2(Mpax + MAT)]', which is the length of.thet
gg:trif: ﬁeegion[as( sht)rwn in i:)lg[ S5 M, = first-yield moment of the sectéon,
M. = moment due to tendon force increase that can be computed as
(AAfe)' and M_,, = maximum moment due to external loads, which is
greate} than the yield moment and less than the ultimate moment gf the
section. A value for the maximum moment should be assumed in order to
determine the length L., then the assumed value for the maximum moml%nt
should be compared with the resulting internal moment, as given by (18).
An iterative computational method is needed to determine the necessarl);
condition for having the two moments equal in magnitude. Thls.appr?zzg
should be combined with the iterations for calculating the location of the
neutral axis in nested double-iteration loops.
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Deformations

_The deformations of the girder are calculated at the final stage of analysis
after determining the location of the neutral axis and strains across the depth
of the girder. The deformations are determined based on the curvatﬁre
diagram as shown in Figs. 4 and 5, where the curvature ¢, at midspan of
the girder is determined by dividing the strain ¢, by its distance to the neutral
axis and the curvature ¢, is determined as follows:

_ My
bu = TE 23)

Therefore deformation computations can be based on these curvature dia-
grams using any appropriate method, e.g., the moment area method. The
incremental deformation method of analysis accounts for only flexural de-
formations, which are the major contributor to deformation. Shear defor-
mation can significantly contribute to the resulting deformations, especially
for deep girders. The inclusion of shear deformations in the analy;is requires
the use of energy methods. For all practical design purposes, shear defor-
mattons can be neglected, particularly for relatively large gi’rder-span-to-
depth ratios. In this study, shear deformations were not considered.
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Ultimate Strength Analysis
The ultimate strength of a prestressed composite section is dependent

upon its geometry, the strength properties of steel girders, and prestressing
tendons strength. The concrete is assumed to be fully cracked when the
ultimate moment capacity of the section is reached. Fig. 6 shows the stress
distribution at the ultimate strength of a prestressed composite girder. The
girder’s cross section should be designed efficiently so that the prestressing
tendons always act in tension throughout the entire range of loading. The
forces at ultimate capacity can be determined as follows, and are shown in

Fig. 6:

T, = AnF, fortendoninslab . ... ... ... .. ... (24a)
T, = A:F, for tendon in girder ........ ... (24b)
T, = AF,, for reinforcing bars ... .o (24c)
T.=0 for concrete slab ... ... . e (24d)
T,, = bytF, for top steel flange ............ o (24¢)
T, =t (d — dy — tp)F, for steel web in tension ............ (24f)
C,, = t,(dy — ty)F, for steel web in compression ........... (24g)
Cys = bystysF, for bottom steel flange ............... ... ... (24h)

where T = tension force; C = compression force; F, = yield stress of steel
girder; F,, = yield stress of prestressing tendons; F,, = yield stress of
reinforcing bar; A,, = total cross-sectional area of tendyons in concrete slab;
A,, = total area of tendons in steel girder; A, = total area of reinforcing
bars; b, and b,, = widths of top and bottom flanges of steel girder, re-
spectively; #, and 1, = thickness of top and bottom flanges, respectively;
t, = thickness of tge web; dy = location of neutral axis measured from
extreme fibers of bottom flange; and d = depth of steel girder. If the neutral
axis would move above the prestressing tendons as the applied load ap-
proaches the ultimate load, the tendons would lose their prestressing forces
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FIG. 6. Ultimate Stress Distribution
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and become ineffective in providing additi
! . ing additional strength. The locati F the
neutral axis d is given by £ cation ot the

1

2 F,

dy = (A, + AF, + Ak, + byt f0 — byt F))

oo d — 1+,

RS IR

The moment arms measured from the neutral axis are calculated from the

geometry of the cross section and are shown in Fig. 6. Th i
; the « . 6. The ultim:
capacity M, is given by £ rate moment

M, = (A F, + AF)d+ by, Fody + 0,(d — dy — 1,)F.d,
+ 1.(dy = by)Fudy + bygty Fods (26)

COMPARISON OF ANALYTICAL RESULTS WiTH EXPERIMENTAL DATA

Ayyub et al. (1990) tested experimentally five composite girders that were
designed, construqted, and prestressed according to construction sequerces
(a) and (¢) as previously described. These girders were designated as girders
A, B, Cz D, and E. Girders A, B, C, and D were built according to
construction sequence (a). Girder E was built according to construction
sequence (c) and posttensioned by tendons in the concrete slab. The cross
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TWO SPAN CONTINUOUS BRIDGE

TEST BEAM

MOMENT DIAGRAM Bva ko)

MOMENT DIAGRAM
FIG. 8. Simulation of Negative Moment Region

sections of thse girders are shown in Fig. 7. To approximately simulate the
negative moment region of a two-span continuous girder, the specimens
were tested as upsidedown simply supported with one concentrated load
applied at midspan, such that the concrete was subjected to increasing tensile
stresses, as shown in Fig. 8. The overall span of the girders was 4.57 m (15
ft). The prestressing tendons in the steel girders were positioned 25.4 mm
(1.0 in.) from the extreme fiber of the tension flange of steel girders. The
prestressing tendons in the concrete slabs were positioned at its midthick-
ness. The details of these girders, structural tests, and results were provided
by Ayyub et al. (1990). Details of the girders are summarized in Tables 1
and 2 of the companion paper. Fig. 9 shows the experimental stress-strain
characteristics of the steels used for the plate girders reinforcing bars in the
concrete slabs, and prestressing strands. The ultimate strength of the slab’s
concrete in compression for girders A, B, C, D, and E were 24.8 MPa (3.60
ksi), 36.2 MPa (5.26 ksi), 37.9 MPa (5.50 ksi), 34.9 MPa (5.06 ksi), and
35.9 MPa (5.20 ksi), respectively. The ultimate strength of the slab concrete
in tension for girders A, B, C, D, and E were 2.4 MPa (0.35 ksi), 3.3 MPa
(0.47 ksi), 2.9 MPa (0.42 ksi), 3.3 MPa (0.47 ksi), and 3.3 MPa (0.47 ksi),
respectively. The steel girders has a total of 40 16-mm-diameter (5/8-in.)
shear studs grouped in clusters of four at a spacing of 508 mm (20 in.)
between the group centers. Shear-stud pockets of the size 127 x 152 mm
(5 x 6 in.) were provided in the precast pretensioned concrete slabs for
the purpose of grouting the shear studs to achieve composite action between
the steel girders and concrete slabs. Bearing stiffeners were provided at the
ends and midspan of the girders, and stiffeners were provided at interme-
diate points at about 660-mm (26-in.) spacing starting from midspan. Girder
A was laterally supported at the ends of the simple span, whereas girders
B, C, D, and E were laterally supported at the ends, quarter points, and
midspan, according to AASHTO specifications (Standard 1983). The com-
plete details of these girders, tests setup, and results were provided by Ayyub
et al. (1990).

The load-versus-deflection curves for the five girders are shown in Fig.
10. The solid curves represent the experimental data and the nonsolid curves
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show the analytical results. The analytical curves consist of two segments
that correspond to before and after cracking of the concrete slab. The
analytical curves were based on flexural deformations. The experimental
curves are well contained between the analytical curves that correspond to
the uncracked and cracked concrete sections. The analytical models assume
an abrupt transition from uncracked section behavior to fully cracked section
behavior, whereas in real structures the transition is gradual, as indicated
by the test results.

Comparison of test results of girders B and E showed similar performance
for the two specimens. They reached the same ultimate load, which is equal
to the calculated yield load, as shown in Fig. 10. The number of prestressing
tendons in the concrete slab was the same for girders B and E. However
girder E did not have any prestressing tendons in the steel girder. Since the
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total cross-sectional area of prestressing tendons in girder E was smaller
than those in girder B, it was concluded that construction sequence (c),
which was used for girder E, was the most effective sequence. On the other
hand, the prestressed precast concrete slabs for the composite girders might
have better quality than the cast-in-place slabs. Moreover, an expected
reduction in structural construction cost and time and an enhancement of
concrete strength and durability are potential benefits of using precast ele-
ments.

If, on the other hand, instead of providing prestressing tendons in the
concrete slabs, they are provided in the steel girder as per construction
sequence (c), the structural performance would not have been as effective
as that of girder E. This conclusion was shown experimentally and analyt-
ically by Saadatmanesh et al. (1989).

Structural Instability
Lateral-torsional buckling and local buckling are the main factors affecting

the ultimate (maximum) strength of the prestressed composite girders in
negative moment regions. Girder A was not laterally supported, and there-
fore failed prematurely due to lateral-torsional buckling. Girder B, C, D,
and E were laterally supported according to AASHTO specifications (Stan-
dard 1983). These specimens failed due to local buckling. The lateral bracing
system prevented effectively the lateral-torsional buckling. The maximum
resisting loads of the specimens agreed reasonably well with the correspond-
ing analytical yield loads as summarized in Table 1. In this table, the pre-
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TABLE 1. Yield and Ultimate Loads of Girders

Experimental Analytical
maximum load |Cracking load kN| Yield load kN | Ultimate load kN
Girder kN (kips) (kips) (kips) (kips)
(1) (2) (3) “4) (5)
A 670 490 730 936
(151) (110) (164) (210)
B 712 535 720 936
(160) (120) (162) (210)
C 735 340 560 736
(165) (76) (126) (165)
D 360 392 725 936
(193) (133) (163) (210)
E 700 590 700 955
(157) (133) (157) (215)

dicted yield loads correspond to the first yield of any component of the
cross sections of the girders, whereas the ultimate loads were based on
reaching the full plastic condition of stresses, as shown in Fig. 6. The stresses
due to the prestressing forces were added to the stresses due to the applied
loads in the analytical model. Girders B and E, which have noncompact
webs and compression flanges, had good agreement between their maximum
resisting loads and the corresponding analytical yield loads. Therefore the
analytical buckling load for a prestressed girder is larger than that for a
girder without prestressing, due to the pretension in the compression flange.
As a result, prestressing composite girders increased the buckling load ca-
pacity of the girders. Girder D consisted of a noncompact web and a compact
flange. The maximum resisting load of the girder D was above the analytical
yield load due to its postbuckling strength resulting from a tension field
action. Therefore, for the same cross-sectional area of a compression flange
plate, it is recommended to provide a thicker flange with a smaller width,
1.e., a compact section.

SuMMARY AND CONCLUSIONS

The incremental deformation method of analysis was developed for pre-
stressed composite stecl-concrete girders in negative moment regions. The
results of the analytical method were compared with experimental test re-
sults (Ayyub et al. 1990) to assess the accuracy of the analytical method.
The following conclusions are drawn based on the test data and analyses:

The analytical models based on the incremental deformation method
agreed reasonably well with the structural behavior of tested specimens in
the elastic range.

The analytical model based on the incremental deformation method ad-
equately predicted the structural behavior of the tested specimens in the
elastic and inelastic ranges.

The first-yield capacities of the studied girders agreed reasonably well
with the corresponding measured maximum (buckling) capacities of the
specimens tested by Ayyub et al. (1990). Therefore, the tensile stresses in
the bottom flange at the support helped increase the local buckling load of
the web and flange of the steel girder, and helped increase the overall
strength of the composite beam.
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For the same cross-sectional area of a compression flange plate, it is
recommended to provide a thicker flange with a smaller width, i.e.. a com-
pact section. The girder with the compact compression flange has an ad-
ditional capacity due to a postbuckling strength.

The prestressing tendons should be placed as far as possible from the
centroidal axis in order to have less prestressing force and more tension
stresses in the bottom flange of the steel girder as a result of prestressing.
To achieve the most favorable stress distribution for composite sections in
negative moment regions, the composite sections should be posttensioned
by means of tendons in the concrete slabs.
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AppenDIX Il.  NoTATION
The following symbols are used in this paper:

cross-sectional area;
fraction of girder length;

width;

compressive force;

depth of girder or distance;

integral differential along span;

integral differential for stress action area;
modulus of elasticity;

eccentricity;

tensile strength;

stress at any point;

ultimate compressive strength;

moment of inertia;

span of girder or length;

moment;

modular ratio;

external force;

tension force;

thickness;

distance from centroid or neutral axis of steel girder to point in
Cross section;

= Cross action area;

elongation;

increase in tendon force;

1 for uncracked concrete stab and 0 for fully cracked concrete slab;
strain at any point;

= curvature; and

= force.

.
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Subscripts
a = end anchorage;
bf = bottom steel flange;
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concrete;

concrete slab;

Dead load;

elastic;

dummy variable;

initial in concrete slab;

initial in steel girder;

live and impact load;

neutral axis;

reinforcing bars;

steel plate girder;

a component of cross-section of steel girder;
a component of cross-section of steel girder;
a component of cross-section of steel girder;
tendon;

prestressing tendons in concrete slab;
prestressing tendons in steel girder;

top of concrete slab;

top steel flange;

transformed section;

ultimate;

ultimate compression;

ultimate tension;

yield; and

web.
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