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A parametric study was carried out to investigate the structural behaviour of composite steel-concrete T-beams under
different prestressing conditions. The studied parameters include different cases of loading, tendon profiles, beam
spans, initial prestressing levels and different dimensions of steel sections and concrete deck. The studied beams were
modelled by the finite-element software Ansys. The effect of three geometrical parameters was investigated for three
different tendon profiles. It was found that straight tendon profiles are more appropriate for beams under distributed
loads, whereas a draped tendon profile is more convenient for beams under concentrated loads. In addition, the
ratio of the tension flange area to the compression flange area is the most effective geometrical parameter on the
ultimate resistance of the studied prestressed beams. For instance, increasing this ratio from 1 to 3 resulted in
increasing the additional resistance of the beam due to prestressing from 15-4 to 46-1%. For composite beams,
the presence of the concrete slab prevented the lateral-torsional buckling and accordingly minimised the effect of
the span. Moreover, increasing the slab thickness-to-width ratio resulted in enhancing the average increase in beam

strength from 13-5 to 19-9%.

1. Introduction

Two types of structures have been widely adopted for the
construction of bridges during the past few decades; namely,
prestressed concrete beams and composite steel beams.
External prestressing of composite beams is mainly employed
in bridge engineering, mostly to strengthen or rehabilitate
existing structures. The associated advantages are generally
attracting researchers to study further and enhance understand-
ing of the performance of this type of bridge construction.
Combining the major benefits from both of the aforemen-
tioned structures has attracted the attention of the designers
of bridge systems towards using prestressed composite steel
bridge in recent years. Externally prestressed steel-concrete
composite members have been used since the late 1950s in
buildings and bridge construction. In addition, external post-
tensioning has been extensively applied in existing bridges
to strengthen structures or to increase the ultimate capacity
to accommodate heavier loads. Composite steel-concrete
beams prestressed with external tendons offer several major
advantages; for example, elastic behaviour under heavier loads,
increased ultimate capacity, improved fatigue and fracture be-
haviour (Lorenc and Kubica, 2006). Lorenc and Kubica (2006)
studied the behaviour of composite beams prestressed with
external tendons experimentally. It was concluded that in order
to properly determine the load-carrying capacity of a compo-
site beam prestressed by external tendons, the correct value of
the force in the tendons in the ultimate state must be assumed.
Chen and Gu (2005) investigated the ultimate load-carrying

capacity of composite beams prestressed with external tendons
under positive moment. It was observed that adding prestres-
sing by external tendons to the composite beams may signifi-
cantly increase the yield load and the ultimate resistance of
these beams. Dall’Asta ez al. (2007) conducted research on a
simplified method for failure analysis of concrete beams pre-
stressed with external tendons. They concluded that the flex-
ural strength of externally prestressed beams could not be
evaluated by a local analysis of the critical sections.

Experimental and analytical studies were carried out to inves-
tigate the behaviour of simply supported prestressed steel—
concrete composite beams by Nie ez al. (2007). They proposed
a reduced stiffness method for calculating the deflection
of overstressed composite beams. Zona et al. (2009) studied
a simplified method for the analysis of externally prestressed
steel-concrete composite beams. They introduced a simplified
method for evaluating the tendon traction increment at col-
lapse and consequently the beam flexural strength without
requiring a non-linear analysis of the whole beam-tendon
structural system. The behaviour of prestressed concrete bridge
girders was studied by Angomas (2009). He concluded that
the Aashto LRFD 2004 (Aashto, 2006) refined method is
reasonably accurate in predicting the prestressing losses. A
finite-element model for composite beams prestressed by exter-
nal slipping tendons was presented by Dall’Asta and Zona
(2005). The proposed formulation involves composite beams
with deformable shear connection. The authors stated that the
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proposed approach could be implemented in existing non-
linear finite-element programs with no additional iterative
procedures. Choi et al. (2008) studied external post-tensioning
of composite bridges by a rating equation considering the
increment of a tendon force due to live loads. They illustrated
a systematic procedure of external post-tensioning technique
for strengthening or rehabilitation of steel-concrete composite
bridges. Dabaon et al. (2005) investigated the ultimate behav-
iour of externally prestressed composite beams with partial
shear connection. The authors presented three-dimensional
and uniaxial finite-element models to describe the long-term
behaviour of such beams. Based on the reported results, the
authors concluded that the long-term factors have a significant
effect on the behaviour of beams. They concluded also that
relaxation of the tendon had the most major effect among
other factors.

El-Zohairy and Salim (2017) implemented a parametric study
for post-tensioned composite beams with external tendons.
The results demonstrated that, at the same tendon eccentricity,
the trapezoidal profile shows better behaviour for the strength-
ened beams. However, more ductility is obtained when using
the straight tendon profile. Chandramohanmouli and Kumar
(2017) carried out a non-linear finite-element analysis to inves-
tigate the behaviour up to failure of simply supported com-
posite steel-concrete beams with external prestressing. The
analytical tests carried out for the different cases studied indi-
cated that the load-deflection behaviour and the ultimate
loads were in good agreement with the published experimental
results. Ibrahim ez al. (2012) investigated the effect of several
important parameters on the behaviour of external prestressed
composite steel-concrete beams by conducting a parametric
study. The finite-element results for simply supported beams
with full shear interactions showed stiffer behaviour compared
to beams with partial shear interactions. Liban and Taysi
(2017) examined the behaviour up to failure of cantilever
composite steel-concrete beams which were prestressed exter-
nally. The authors concluded that adding prestressed tendons
to composite beams significantly increased the yield load and
the ultimate load. They concluded also that the farther the
tendons are located from the neutral axis, the greater is the
increase in strength. Ibrahim and Salman (2015) investigated
analytical continuous composite steel-concrete beam with
external prestressing by conducting a parametric study. It was
found that, as the compressive strength of the concrete and
the effective prestressing stress increased, the ultimate load
capacity increased.

Lou and Xiang (2010) described a numerical analysis pro-
cedure of second-order effects of externally prestressed concrete
beams. The authors revealed that the second-order effects are
the most important characteristics which distinguish an exter-
nal tendon system from an internal unbonded one. This study
led to a conclusion that the provision of one deviator at the
section of the maximum beam deflection can effectively

minimise the second-order effects for simply supported pre-
stressed concrete beams with external straight horizontal
tendons, even for a very slender beam. Ibrahim ez al. (2015)
implemented a parametric study of composite steel-concrete
beams with external prestressing to investigate the factors
affecting their behaviour. It was found from the numerical
analysis that the predicted ultimate loads are increased by
increasing compressive strength of concrete, effective prestres-
sing stress, the ratio of the depth to the width of concrete slab,
shear interactions, or ratio of top flange area to bottom flange
area. It was also found that stiffener web plate had no sig-
nificant effect on the behaviour of prestressed composite steel—
concrete beams. Bukka et al. (2016) conducted a study on the
non-linear analysis of the composite beam slab junction with
shear connectors using Ansys 14 (Ansys, 2013). They stated
that composite action depends on the interaction between
the reinforced concrete slab, the steel profile and the shear
connection. Therefore, a perfect composite action cannot be
obtained in practice due to the deformability of the shear con-
nectors. The behaviour of steel box girders prestressed with
external tendons was studied by Kambal and Jia (2017). A
finite-element model for the flexural behaviour of a simply
supported steel girder with a box-shaped cross-section and
prestressed by external tendons was established. Box girders
with and without prestressing were tested to evaluate the effec-
tiveness of the technique. It was concluded that prestressing
improves the flexural capacity of a girder and its effect is pro-
portional to the size of the applied external load.

Shiming and Yuanlin (2010) investigated the inelastic buckling
of steel-concrete composite beams prestressed with external
tendons. A parametrical analysis was carried out to predict the
load-carrying performance and buckling moment resistance of
prestressed composite beams. The computed buckling moment
ratios were compared with the Chinese codified steel column
design curve. The authors concluded that a tentative design
method based on this curve could be used in the assessment of
buckling strength of composite beams in a term of the modi-
fied slenderness proposed by the authors. Numerical modelling
of externally prestressed steel-concrete composite beams was
carried out by Tiejiong et al. (2016). Geometric and material
non-linearities were considered, as well as time-dependent
effects. The authors validated the proposed model by com-
parisons with available experimental data. Typical short- and
long-term responses of steel-concrete composite beams with
and without external prestressing were evaluated.

2. Aim of the study

The aim of the current theoretical investigation is to study
the ultimate strength of externally prestressed composite steel—
concrete T-beams under different geometrical parameters. This
study includes different cases of loading, tendon profiles, beam
spans, initial prestressing levels and different dimensions of
steel sections and concrete deck thickness. The finite-element
analysis was carried out using the computer program Ansys
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14.0 (Ansys, 2013). The results were first verified by the exper-
imental results available in the literature and then an extensive
study for the different geometrical parameters involved model-
ling 2160 studied beams was carried out to assess the effect
of the geometrical parameters on the behaviour of composite
T-beams.

3. Finite-element modelling of the
studied beams

The Ansys program version 14.0 (Ansys, 2013) was used for
analysing the externally prestressed composite beams. A three-
dimensional brick element with eight nodes from the Ansys
element library was used to model the concrete slab (Solid65).
The most important aspect of this element is the treatment
of non-linear material properties. A three-dimensional four-
node shell element (Shelll81) was used to represent the steel
beam flanges and webs. Shell181 is well suited to model linear,
warped and moderately thick shell structures. The Link180
element is a uniaxial tension—compression element with three
degrees of freedom at each node. It was used to represent the
external cable and reinforcement bars. The initial prestressing
on a tendon was applied as the initial strain in link elements,
which represents the prestressing of the tendons. Reduction in
prestressing stress was noted as the initial strain was applied,
immediately at first load step, and made the beam cambered.
Thus, the initial strain was increased to overcome that reduc-
tion in stress to assure that the targeted initial prestressing level
is achieved. The frame element (Beam188), which is a uniaxial
element with tension, compression, torsion and bending capa-
bilities, was used to model shear connectors. Each shear
connector is presented by four frame elements, one element
between the top of the upper steel flange and the bottom of
the concrete slab and three elements in the concrete slab.
The bond between the steel section and concrete deck of the
composite section is very weak compared with the junction
associated with shear connectors; therefore, it was neglected in

modelling the composite action. In order to overcome large
displacement effects, all of the aforementioned elements have
large deflection and large strain capabilities.

Beams in the present study are simply supported and the sup-
ports were modelled as hinges, with roller supports existing at
the ends. The hinge support was modelled by constraining
nodes in the vertical and longitudinal direction ((U,, U.)=0),
as shown in Figure 1(a). To model the roller support, nodes of
the end line at the bottom flange were constrained in the verti-
cal direction (U, =0), as shown in Figure 1(b). All nodes at
hinged and roller supports were also constrained in the hori-
zontal direction (U,=0) for stability purposes. Uniformly
distributed loads were applied on the middle line of nodes on
the top surface of the concrete slab. Concentration of stress
in the concrete slab at the point of concentrated loads is
prevented by using a small bearing plate placed between the
concentrated loads and the concrete slab. Failure in the finite-
element modelling is usually accompanied by increasing itera-
tive displacements and a continuous growth in the dissipated
energy. Hence, the convergence of the iterative process cannot
be achieved, and a message is given by the software to indicate
that beam failure is achieved.

4. Modelling of material properties

In order to obtain an accurate modelling of the studied com-
posite steel-concrete beams, choosing the appropriate material
modelling for the concrete and steel is essential. This could be
achieved by utilising the plasticity model for the stress—strain
relation of concrete under compressive stresses based on work
done by Desayi and Krishnan (1964); as shown in Figure 2(a).
A multi-linear curve was used to help with convergence of the
non-linear solution algorithm. Concrete subjected to tensile
stresses was allowed to crack because minor tensile stresses
were expected for the concrete slab on top of the simply sup-
ported composite beam. The stress—strain diagram of steel

Figure 1. Boundary conditions of beam: (a) hinged support condition; (b) roller support condition
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Figure 2. Stress—strain relationships used in modelling the studied beams: (a) simplified compressive uniaxial stress—strain curve for
concrete (Desayi and Krishnan, 1964); (b) alternative bilinear stress—strain relationship for steel (CEN, 1993)

Table 1. Material properties of samples for verification purposes

Sample beam foe: MPa foy: MPa fc: MPa
VB1 544 910 334
VB2 1046 1620 40-0

f, (flange): MPa

f, (web): MPa Reference

367 367
411-6 411-6

Saadatmanesh et al. (1989)
Ayyub et al. (1990)

foe, effective prestress on tendon at initial state; f,, yield strength of tendon; f¢, ultimate compressive strength of concrete slab; f,, yield strength of steel beam

under either tensile stresses or compressive stresses, for sim-
plicity, was assumed to be two straight lines: the first line starts
from the origin with a slope equal to Es up to f,, and the
second line was horizontal. However, for practical software
applications the second line is assumed to have a very small
slope. Therefore, the bilinear stress—strain relationship indicated
in Figure 2(b) was adopted. The strain-hardening modulus (E,)
is assumed to be 0-03E; to avoid convergence problems during
iteration (CEN, 1993).

5. Verification of finite-element analysis

The aim of this section is to verify the Ansys results of the
non-linear finite-element model developed to investigate the
behaviour and strength of prestressed composite steel-concrete
beams. The verification study is established to prove that
both the adopted idealisation and elements are adequate
to accurately predict the failure loads, deformed shape and
load—displacement relations compared to the experimental
results provided by other researchers in the literature. For this
purpose, results obtained from Ansys finite-element analysis
are compared to the corresponding values obtained by pre-
vious experimental research studies. There are many reports
that present experimental work on externally prestressed com-
posite beams (Chen, 2005; Chen et al., 2009; Kim and Lee,
2011; Lorenc and Kubica, 2006; Nie et al., 2007; Safan and
Kohoutkova, 2001; Zong et al., 2002). In this section only
two reports are considered for verification. Hence, two

1. BC |
\ L
i ’ ] i
b W
At h, h,
t,
il I
L n

I

Figure 3. Typical cross-section of externally prestressed
composite beam

different types of prestressed composite steel-concrete beams
with available experimental results have been analysed. The
material properties of the two verification sample beams are
summarised in Table 1 for the components of the composite
beams including steel beam, concrete slab and prestressing
tendon. A typical cross-section of an externally prestressed
composite beam is shown in Figure 3. The geometrical
properties of the verification sample beams are presented in
Table 2.
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Table 2. Geometrical properties of sample beams for verification purposes (notation as defined in Figure 3)

Sample beam hg: mm h,: mm tw: mm b, and b,: mm t. and t,: mm B: mm h: mm he: mm
VB1 352 333 6-8 9-5 915 76 -57
VB2 371 352 6-8 9-5 1070 90 30

Note: he has positive sign for tendon above flange and negative sign for tendon below flange

5.1 The first verification beam (VB1)

Saadatmanesh er al. (1989) tested a simply supported com-
posite steel-concrete beam prestressed with high-strength steel
tendon and subjected to two concentrated loads, as shown in
Figure 4(a). The steel beam is prestressed with two 16 mm dia.
tendons running the full beam length, 57 mm below the
bottom (tension) flange. The experimental and finite-element
model load—deflection curves are shown in Figure 4(b). Good
agreement was obtained between the experimental load—
deflection curve and the predicted finite-element curve
throughout the entire loading range of the tested beam. It can
be seen from Figure 4(b) that the computed ultimate load is
very close to the experimental ultimate load. The predicted
ultimate load level (64-14 t) was detected quite well compared
with that experimentally observed (64:1t). The deformed
shape for the camber arising from the effect of the prestressing
force in the external tendon is shown in Figure 4(c), and the
deformed shape due to externally applied loads at the ultimate
state is shown in Figure 4(d).

5.2 The second verification beam (VB2)

Ayyub et al. (1990) tested three prestressed composite steel—
concrete beams (A, B and C) under positive bending moment.
Beam C was selected as VB2 for the current analysis. As
shown in Figure 5(a), the beam VB2 is prestressed with a
draped tendon profile. The tendons are anchored at both ends
of the composite section, 32 mm below the top flange, and
were positioned between the loading points 30 mm above the
bottom flange. The load-mid-span deflection curve of the pre-
stressed composite steel-concrete beam (VB2) obtained from
the finite-element analysis was in good agreement with the
corresponding experimental data, as shown in Figure 5(b). The
ratio of the experimental ultimate load to the predicted one
was 0-94. The camber due to effective prestressing in the first
load step is shown in Figure 5(c). The deflected shape due to
external force applied at ultimate load is shown in Figure 5(d).

6. Parametric study

After validating the analysis tool, a finite-element study was
conducted to determine the parameters that may affect the be-
haviour and strength of prestressed composite beams. It is
worth mentioning that limitations and recommendations speci-
fied by codes of practice were satisfied in the selected speci-
mens. Table 3 presents the dimensions of the steel sections. It
can be observed from Table 3 that the web depth-to-thickness
ratio and the flange width-to-thickness ratio are selected to

avoid local buckling according to design codes recommen-
dations (CEN, 1993). In this study, beams of steel sections
groups A and B are assigned to §:00, 10-00 and 12:00 m
spans, whereas deeper beams with steel sections groups C and
D are assigned to 12:00, 14-00 and 1600 m spans. The con-
crete deck connected to steel sections has a concrete deck
thickness-to-width ratio, 4./B;, of 0-10, 0-12 and 0-145. The
total concrete deck cross-sectional area was considered to
be 1000 cm? for the three //B. values in order to keep the
concrete area constant. The width and thickness of the con-
crete deck are selected in accordance with the limits of the
design codes (CEN, 1993). The varieties of steel sections and
concrete deck dimensions with different spans provide 108
non-prestressed composite beams (NP). To produce prestressed
composite beams, the studied beams were prestressed by two
tendons, each of which had strands with 150 mm? cross-
sectional area. Tendons were anchored to 35 mm plates at the
ends and adjusted to their positions by 15 mm saddle plates.
The tendons were not connected to the saddle plates directly,
but through springs which allowed for slippage between them.
The initial prestressing applied on tendons induced three differ-
ent stress levels of 0-4F,, 0-5F, and 0-6Fy, to satisfy the design
codes’ limitations.

Tendons are adjusted in three different profiles, as shown in
Figure 6. The first tendon profile (SA) consists of two straight
tendons located 3 cm above the bottom flange, adjusted by
four saddle plates, as shown in Figure 6(a). The second tendon
profile (SB) also consists of two straight tendons located 3 cm
below the bottom flange, adjusted by four saddle plates, as
shown in Figure 6(b). The third tendon profile (DR) has a
draped shape and consists of two tendons, as shown in
Figure 6(c). A typical cross-section of these beams is shown in
Figure 3. The non-prestressed composite beams and the
prestressed composite beams for the three tendon profiles were
analysed twice: once under two concentrated loads 1:60 m
apart and also under uniformly distributed loads, to produce
results for a total number of 2160 beams. Table 4 summarises
the properties of the materials of the prestressed composite
beams. Full composite action between the steel sections and
the concrete slab was achieved by providing sufficient shear
connectors.

7. Results and discussion
The effect of the previously mentioned parameters was inves-
tigated for each tendon profile for beams subjected to
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Figure 4. Details, deformed shapes and load-deflection results for beam VB1 (Saadatmanesh et al., 1989): (a) details of the first sample
studied beam (all dimensions are in mm); (b) load—deflection curve; (c) initial camber (cm); (d) at ultimate state (cm)
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Figure 5. Details, deformed shapes and load-deflection results for beam VB2 (Ayyub et al., 1990): (a) details of the second sample
studied beam (all dimensions are in mm); (b) load—deflection curve; (c) initial camber (cm); (d) at ultimate load (cm)
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Table 3. Steel cross-sectional dimensions

Section

Al
B1

1
D1
A2
B2
c2
D2
A3
B3
c3
D3

concentrated loads or distributed loads. For each parameter,
the results of parametric study are presented generally and the

hy: G by: ty: by: ty: . ) ’ i /
mm mm mm mm mm mm  Ap/An results for the two main sections are discussed in detail.
2 1 2 1 1 .
ggg 2 388 12 388 12 7.1  Effect of steel flanges area ratio
750 10 200 10 200 10 It may be an advantage to use steel section having a relatively
750 10 300 16 300 16 larger bottom flange compared to the top flange. Therefore,
500 8 222 12 167 8 2 the steel section flanges area ratio is an important parameter.
500 8 320 20 229 14 The steel flanges area ratio is the result of dividing the area
750 10 222 12 167 8 . .
750 10 320 20 229 14 of the bottom flange, Ayg, (flange in tension), by the area of
500 8 250 12 143 7 3 top flange, Ay (flange in compression). The variation of the
500 8 360 20 200 12 prestressed composite beams’ flexural capacities with the
750 10 250 12 143 7 steel flanges area ratio will be presented for different tendon
750 10 360 20 200 12 profiles hereafter in the next subsections and as shown in
Figures 7-12.
Anchor plate 160 cm Saddle plate Tendon
©)
Tendon Saddle plate 160 cm Anchor plate
\!
(b)
Anchor plate _endon 160 cm Saddle plate

—

P—

L

(@

Figure 6. Tendon profiles: (a) first tendon profile (SA); (b) second tendon profile (SB); (c) third tendon profile (DR)

Table 4. Material properties of prestressed composite beams

Material

Concrete

Steel beam, steel plates and
reinforcement, and studs

Prestressing tendon

Note: E. is as per ACI 318

Parameter Symbol Value

Compressive strength: MPa F 30
Modulus of elasticity: MPa B 25 743
Yield stress: MPa Iy 360
Ultimate strength: MPa Fy 520
Modulus of elasticity: MPa S 210 000
Yield stress: MPa Fayg 1680
Ultimate strength: MPa o 1860
Modulus of elasticity: MPa s 200 000
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Figure 7. Effect of steel flange area ratio on the ultimate resistance of beams (SA): (a) under concentrated loads; (b) under distributed loads
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Figure 8. Effect of steel flange area ratio on the ultimate resistance of externally prestressed steel-concrete composite beams (PCB) (SA): (a) group
A under concentrated loads; (b) group A under distributed loads; (c) group B under concentrated loads; (d) group B under distributed loads

7.1.1  Straight tendon profile above tension flange (SA)
Ultimate resistance values, My, of composite beams prestressed
with the first tendon profile (SA) were compared with
ultimate resistance values, My, of the corresponding non-
prestressed composite beam with (Ap/Ap=1:0). The percen-
tage of increase in ultimate resistance due to prestressing was
calculated. The maximum, minimum and average percentage
increases in ultimate resistance are shown in Figures 7(a)

and 7(b) for beams under concentrated and distributed loads.
It can be observed that the ultimate resistance of beams pre-
stressed by a straight tendon above the bottom flange increased
by increasing the steel flange area ratio. It can also be noticed
that the effect of prestressing of composite beams under dis-
tributed loads is more significant than prestressing beams
under concentrated loads. This effect may be attributed to the
tendon profile, which has a straight profile above the bottom
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Figure 9. Effect of steel flange area ratio on the ultimate resistance of beams (SB): (a) under concentrated loads; (b) under distributed loads
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Figure 10. Effect of flange area ratio on the ultimate resistance of PCB (SB) section B: (a) group A under concentrated loads; (b) group A
under distributed loads; (c) group B under concentrated loads; (d) group B under distributed loads

flange that produced the prestressing moment with a constant
value along the beam length, resisting the applied moment.
The prestressing bending moment diagram is closer to the
distributed load bending moment diagram than the bending
moment of concentrated loads. Therefore, the effect of
prestressing on beams under distributed loads is more signifi-
cant than for those under concentrated loads using a straight
tendon above the bottom flange.

Figure 8 also shows the effect of changing steel flanges area
ratio in the presence of prestressing force applied on composite
beams. The initial prestressing force applied on the tendon was
assumed to be 0-40F and the concrete deck thickness-to-width
ratio was h/B.=0-10. These values are considered standard
for similar figures hereafter. Figures 8(a) and 8(b) present the
relation between ultimate moment ratio (M /M) and steel
flanges area ratio (Ap/Ag) for beams of steel section group A
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Figure 11. Effect of steel flange area ratio on the ultimate resistance of beams (DR): (a) under concentrated loads; (b) under distributed loads
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Figure 12. Effect of flange area ratio on the ultimate resistance of PCB (DR) section B: (a) group A under concentrated loads; (b) group A
under distributed loads; (c) group B under concentrated loads; (d) group B under distributed loads

subjected to concentrated and distributed loads, respectively.
The ultimate moment of beams of steel section group B is pre-
sented in Figures 8(c) and 8(d) for beams under concentrated
and distributed loads, respectively. It can be noticed that there
is a direct relation between ultimate moment and steel flanges
area ratio. The ultimate moment ratio increased by increasing
the steel flanges area ratio. The effect of prestressing is more
significant on beams with Ag, /Ay ratio of less than two.

7.1.2  Straight tendon profile below tension flange (SB)
Beams prestressed by the second tendon profile (SB) are inves-
tigated in this section. Figures 9(a) and 9(b) present the maxi-
mum, minimum and average values of percentage increase in
resistance for beams subjected to concentrated and distributed
loads, respectively. It can be observed that increasing the steel
flanges area ratio led to enhancing the ultimate resistance. This
was noticed for the studied beams under concentrated and
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distributed loads. The percentage increase in resistance of
beams under distributed loads is more significant than that
for beams under concentrated loads. To thoroughly investigate
the behaviour, the results were divided into groups and they are
compared individually hereafter. Results of beams having steel
section group A are presented in Figures 10(a) and 10(b).
Results of prestressed composite beams of steel section group B
are presented in Figures 10(c) and 10(d). A direct relationship
between the steel flanges area ratio and ultimate moment ratio
was observed. The ultimate resistance increased by increasing
steel flanges area ratio, especially for Ap/Ay less than two.

7.1.3 Draped tendon profile (DR)

Beams prestressed by draped tendon profile are investigated
in this section. The maximum, minimum and average
values of the percentage increase in resistance are presented
in Figure 11. It can be observed that the ultimate resistance of
beams with draped tendon increased by increasing the steel
flange area ratio. In addition, it was noticed that the effect
of prestressing of composite beams under distributed loads
is larger than for beams under concentrated loads with a minor
difference (less than 2%). To avoid the effect of other parameters
affecting the resistance of beams, Figures 12(a) and 12(b)
present the relation between ultimate moment ratio and steel
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flanges area ratio for beams of group A. Results for the pre-
stressed composite beams of group B are presented in
Figures 12(c) and 12(d). As shown in these figures, increasing
the steel flanges area ratio led to a higher ultimate moment
ratio.

It can be seen from Figures 7-12 that increasing the
steel flange area ratio resulted in higher ultimate resistance.
Increasing the Ap/Ag ratio from 1 to 3 led to an average
increase in the ultimate moments of beams under concentrated
loads from 154 to 41-6%, and an increase in the resistance of
beams under distributed loads from 17-1 to 46-1%. This was in
agreement with the work carried out by Ibrahim et al. (2012),
where they found that the unsymmetrical I-section steel beam
with wider bottom flange used in prestressed composite steel—
concrete beam is more effective without change of the total
cross-sectional area. They found also that the increase in the
ultimate load of beams subjected to four-point loads (nearly
distributed load) was greater than that in the beams subjected
to a mid-span single load.

7.2 Effect of beam span (L)
The parametric study covers a range of spans from 8:00 to
16:00 m. The effect of prestressing composite beams with
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Figure 13. Effect of beam span on the ultimate resistance of beams (SA) sections A and B: (a) under concentrated loads;

(b) under distributed loads
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Figure 14. Effect of beam span on the ultimate resistance of beams (SA) sections C and D: (a) under concentrated loads;

(b) under distributed loads
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different spans is studied. The studied beams are divided into
groups according to the prestressing tendon profile. Each pre-
stressed composite beam is compared with the corresponding
non-prestressed composite beam, as will be discussed in the
next subsections and as shown in Figures 13-20.
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7.2.1  Straight tendon profile above tension flange (SA)
Statistical data for prestressed composite beams subjected to
concentrated and distributed loads are presented in Figures 13
and 14 for beams of steel section depth of 500 and 750 mm,
respectively. These figures presented the minimum, maximum
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Figure 16. Effect of beam span on the ultimate resistance of PCB (SA) (h,, =750 m): (a) section C1; (b) section D1
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Figure 17. Effect of beam span on the ultimate resistance of beams (SB) sections A and B: (a) under concentrated loads;

(b) under distributed loads
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and average percentage increase in the ultimate resistance of
beams. It can be seen from the figures that the ultimate resist-
ance tends to increase by increasing span with minor variation
between different spans. Figure 15 shows the effect of changing
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beam span on the ultimate moment resistance of beams with
steel sections Al and B1. It can be seen from Figure 15 that
increasing the beam span led to an enhancement of the ulti-
mate resistance of beams generally However, the ultimate
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Figure 18. Effect of beam span on the ultimate resistance of beams (SB) sections C and D: (a) under concentrated loads;

(b) under distributed loads
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Figure 20. Effect of beam span on the ultimate resistance of PCB (SB) (h,,=750 m): (a) section C1; (b) section D1
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moment resistance of beams under distributed loads of section
Al was slightly affected by the changing beam span, as shown
in Figure 15(a), and the beams of section B1 under concen-
trated loads showed the same slight effect on the ultimate
moment resistance by increasing span. Figure 16(a) presents
the ultimate resistance of beams having steel sections C1. The
general trend of these beams is the reduction in ultimate resist-
ance by increasing beam span. Figure 16(b) shows that the
increase in beam span led to enhancement of the ultimate
moment resistance for beams with steel section D1.

7.2.2  Straight tendon profile below tension flange (SB)
Results of the parametric study of composite beams prestressed
by straight tendon below the bottom flange are discussed here-
after. Figures 17 and 18 show the results of beams under con-
centrated and distributed loads, for depths of 500 and
750 mm, respectively. It can be seen from the figures that, gen-
erally, changing span has a minor effect on the percentage
increase in the resistance. Figure 19(a) shows the effect of
changing beam span on the ultimate resistance for beams with
section Al. It can be seen from the figure that the ultimate
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resistance of beams under concentrated loads increases by
increasing beam span, but in contradiction, it decreases
for beams under distributed loads. It can be seen from
Figure 19(b) that the ultimate resistance of beams of section
B1 under concentrated loads decreases by increasing beam
span, whereas it increases by increasing beam span for beams
under distributed loads. For beams of sections C1 and DI,
Figure 20 shows that the ultimate resistance varied with chan-
ging the beam span without any definite pattern.

7.2.3 Draped tendon profile (DR)

Figures 21 and 22 show the comparison between the ultimate
resistance of beams under concentrated loads and distributed
loads for steel sections with depth of 500 and 750 mm, respect-
ively. Generally, the percentage of increase in the ultimate
resistance reduced by increasing span with minor variation in
resistance for different AJ/B. ratios. Figures 23(a) and 23(b)
show the effect of changing beam span on the ultimate resist-
ance of beams of sections Al and B1. No obvious trend could
be observed for these beams. Figure 24(a) presents the ultimate
resistance of beams having section C1. The effect of changing
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Figure 21. Effect of beam span on the ultimate resistance of beams (DR) sections A and B: (a) under concentrated loads;

(b) under distributed loads

25
R
g 20t
<
2 :
é 15 OMin.
£ 10F B Max.
a
g 5l mAverage
v
c
- 0

Span, L: m
(@)

25
N
g 20t
c
Z _
é 15 OMin.
< 10} B Max.
a
@ 5L mAverage
o
o
- 0

Span, L: m
(b)

Figure 22. Effect of beam span on the ultimate resistance of beams (DR) sections C and D: (a) under concentrated loads;

(b) under distributed loads
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beam span on the ultimate resistance can be ignored for those
beams. For beams of section DI, Figure 24(b) shows that
increasing the beam span led to an increase in the ultimate resist-
ance of these beams. It can be concluded that the effect of beam
span variation has a minor effect on increasing the ultimate
resistance of prestressed composite beams compared to the corre-
sponding non-prestressed composite beams. The beam resistance
is governed by the cross-sectional capacity, not the overall beam
capacity. This may be attributed to the high resistance of compo-
site beams to lateral buckling, owing to the presence of a wide
concrete deck in the compression zone. Therefore, the ultimate
resistance is affected by changing the geometry of the cross-
section rather than changing the beam span.

7.3  Effect of concrete deck thickness-to-width ratio
The effect of changing the concrete deck thickness-to-width
ratio (h./B.) is discussed for three types of tendon profiles. A
general view of the results is presented, based on statistical
data. In addition, a thorough discussion of the behaviour of
beams with sections Al and B1 is presented in the next sub-
sections and the results are shown in Figures 25-30.
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7.3.1  Straight tendon profile above tension flange (SA)
The maximum, minimum and average percentages of increase
in the ultimate resistance are shown in Figure 25. It can
be seen from the figure that the percentage of increase in the
ultimate resistance, due to prestressing, slightly increased
by increasing the concrete deck thickness-to-width ratio.
Figure 26 gives a better understanding of the effect of
changing the concrete deck thickness-to-width ratio in the
presence of prestressing applied on composite beams. The
ultimate moment (M,) is considered for beams having the
aforementioned standard values. The ultimate moment of
the non-prestressed composite beams (M) is considered for
the corresponding beam with concrete deck thickness-to-width
ratio, h/B.=0-10. Figures 26(a) and 26(b) show the results for
section Al. It can be seen from the figures that the ultimate
moment ratio increased by increasing the concrete deck thick-
ness-to-width ratio for beams under concentrated and dis-
tributed loads. The ultimate moment ratios of beams of
section B1 are presented in Figures 26(c) and 26(d). There is a
direct relationship between ultimate moment and concrete
deck thickness-to-width ratio.
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Figure 24. Effect of beam span on the ultimate resistance of PCB (DR) sections C1 and D1: (a) section C1; (b) section D1
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Figure 25. Effect of concrete deck thickness-to-width ratio on the ultimate resistance of beams: (a) under concentrated loads;

(b) under distributed loads
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Figure 26. Effect of concrete deck thickness-to-width ratio on the ultimate resistance of PCB (SA): (a) group A under concentrated loads;
(b) group A under distributed loads; (c) group B under concentrated loads; (d) group B under distributed loads

7.3.2

Straight tendon profile below tension flange (SB)

Beams prestressed by straight tendon below the bottom flange
are investigated in this section. The percentage of increase in
resistance is shown in Figure 27. It can be seen from the
figure that the rate of increase in ultimate resistance due
to prestressing increased by increasing the concrete deck thick-
ness-to-width ratio. To thoroughly investigate the behaviour,

the results for beams having section Al are presented
in Figures 28(a) and 28(b). The ultimate resistance increases
by increasing the concrete deck thickness-to-width ratio. In
Figures 28(c) and 28(d), the results for prestressed composite
beams of section Bl are presented. A clear direct relationship
between concrete deck thickness-to-width ratio and ultimate
moment ratio was also observed.
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7.3.3 Draped tendon profile (DR)

Figure 29 shows the maximum, minimum and average values
of percentage increase in resistance. A notable increase was ob-
served in the ultimate resistance due to prestressing by a
draped tendon as the concrete deck thickness-to-width ratio
increases. Figures 30(a) and 30(b) present the relation between
ultimate moment ratio and concrete deck thickness-to-width
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ratio for beams of section Al. It can be seen from these figures
that the ultimate moment ratio increased by increasing the
concrete deck thickness-to-width ratio, generally, for beams
under concentrated and distributed loads. Figures 30(c) and
30(d) show the direct relationship between ultimate resistance
and concrete deck thickness-to-width ratio for prestressed com-
posite beams of section B1.
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Figure 27. Effect of concrete deck thickness-to-width ratio on the ultimate resistance of beams (SB): (a) under concentrated loads;

(b) under distributed loads
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Figure 28. Effect of concrete deck thickness-to-width ratio on the ultimate resistance of PCB (SB): (a) group A under concentrated loads;
(b) group A under distributed loads; (c) group B under concentrated loads; (d) group B under distributed loads
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Figure 29. Effect of concrete deck thickness-to-width ratio on the ultimate resistance of beams (DR): (a) under concentrated loads;

(b) under distributed loads
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Figure 30. Effect of concrete deck thickness-to-width ratio on the ultimate resistance of PCB (DR): (a) group A under concentrated loads;
(b) group A under distributed loads; (c) group B under concentrated loads; (d) group B under distributed loads

It can be observed from the above that there is a direct
relationship between ultimate resistance and concrete deck
thickness-to-width ratio, as the ultimate resistance increased by
increasing s./B.. This may be attributed to the increase in the
total section depth and the more uniform distribution of com-
pressive stresses on the concrete deck width, which increased
by increasing /./B.. This is in agreement with Ibrahim ez al.
(2012), who observed the same when they stated that the
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strengths of composite beams are increased by increasing the
ratio of the depth to width of concrete slab, while keeping the
total area of the concrete slab constant.

8. Conclusions

A parametric study has been performed for 2160 models using
finite-element analysis. The adopted modelling procedure has
been verified against two experimental tests on prestressed
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composite T-shaped beams from previous experimental work.
The finite-element results for three geometric parameters have
been presented and discussed. Some of the studied parameters
are new, such as the effect of beam span. The other parameters
had been investigated by previous researches with limited
ranges. The investigated range of parameters in this study is
wider than the range investigated by preceding research studies
in the literature. The following conclusions can be drawn.

(a) It was found that there is a good agreement between the
finite-element results of the model used in the present
study and the published experimental results. This
was indicated by the very close agreement between the
load—deflection relationships and the ultimate loads
predicted by the finite-element model and those of the
experimental results. This ensures the reliability and
accuracy of the adopted model in predicting and analysing
the behaviour of externally prestressed composite beams.

(b) The ratio of the tension flange area (bottom) to the
compression flange area (top) (Ag,/Ar) is the most
effective geometrical parameter on the prestressed beam
ultimate resistance. It is worth mentioning that the total
area of the two flanges is constant in all cases; that is,
the cross-sectional area is constant for each group of
sections in this investigation.

(¢) Increasing the Ag, /Ay ratio led to an increase of the
ultimate resistance of the beam. It was found that
increasing the Ap/Ay ratio from 1 to 3 resulted in
increasing the additional resistance of the beam due to
prestressing from 15-4 to 46-1%. This is applicable for
the three studied cable profiles and for beams under
concentrated and distributed loads.

(d) Variation of the beam resistance with span has no
particular trend. This is not usual in the case of
non-composite steel beams. In the case of composite
beams, the presence of the concrete slab prevented the
lateral-torsional buckling and accordingly minimised
the effect of the span.

(e) Increasing the slab thickness-to-width ratio resulted in
enhancing the average increase in beam strength from
13-5 to 19:9%. This conclusion is applicable in all
tendon profiles, all steel geometries and all load cases
studied in this research. The actual stress distribution
across the width of the concrete slab was implemented
because the effect of the shear lag was considered by
finite-element analysis inclusively.

(f) The current study shows that straight tendon profiles
(SA and SB) are more appropriate for beams under
distributed loads, whereas the draped tendon profile is
more convenient for beams under concentrated loads.
The straight tendon profile below the tension flange (SB)
is slightly more efficient than the straight tendon profile
above the tension flange (SA); the range of increase in
ultimate resistance of beams with the SB profile was
approximately from 3% up to 7%.
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