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Received 08 October 2019 Abstract: Prestressed composite steel-concrete structures are scarcely used due to a lack of clear standardized

Accepted 14 December 2020 design guidelines and formulations on the subject. The present research aims to present design methodologies
for steel-concrete composite beams with external pretension applied via straight tendons. A computer program
to perform structural analysis of such beams was developed based on two different methodologies: the first
one is presented in ABNT NBR 8800:2008, in which the guidelines for the design of composite beams with
compact webs are adjusted to include the effects of the pretension force. The second methodology is extracted
from international literature and presents a structural design process based on stress distribution on the beam.
Ninety prestressed and thirty non-prestressed beams were analyzed and designed with the aforementioned
computer program to evaluate the influence of beam length, degree of symmetry of the steel profile and
eccentricity of the pretension force on the mechanical resistance of the beams. It was observed that, although
the prestressing force considerably improved resistance to bending, it introduced high compression stresses
on the steel profile; hence, the pre-stressing of composite beams is proved efficient only for steel profiles with
symmetrical cross-sections.
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Resumo: A protensdo em estruturas mistas de aco e concreto € pouco utilizada pela falta de normas e
formulagdes claras sobre o assunto. Esse trabalho visa apresentar metodologias de analise ¢ dimensionamento
de vigas biapoiadas mistas de ago e concreto com protensdo externa e cabo de tragado reto (pré-tragdo). Um
programa computacional que efetua a analise e o dimensionamento dessas vigas foi elaborado com base em
duas metodologias distintas: a da ABNT NBR 8800:2008, de vigas mistas compactas, ajustada para incluir os
efeitos da for¢a de protensdo e uma segunda, extraida da literatura internacional, em que o dimensionamento
¢ feito por meio da verificagdo das tensdes atuantes. Noventa vigas mistas protendidas e trinta sem protensdo
foram calculadas por meio do programa computacional desenvolvido para avaliar a influéncia do
comprimento do vdo, do grau de monossimetria da se¢do transversal do perfil de aco e da excentricidade da
forga de protensdo na capacidade resistente das vigas. Observou-se que embora a protensdo gere uma melhora
consideravel no comportamento a flexdo, a forga de protensdo introduz altas tensdes de compressao no perfil
de ago, por isso a eficiéncia da protensdo foi comprovada apenas nos casos de vigas mistas com perfil de ago
duplamente simétrico.

Palavras-chave: vigas mistas de a¢o e concreto protendidas. metodologias de dimensionamento. protensdo
externa. programa computacional.
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1 INTRODUCTION

External prestressing applied to steel-concrete composite beams results in elements of great structural efficiency,
able to cover large spans and resist high loads with reduced structural weight. This technique is of interest for structural
recovery and / or reinforcement of existing structures presenting severe pathologies caused by deterioration due to
environmental agents or increases in service loads such as, for example, a bridge that experiences an increase in traffic
or other loads throughout its lifespan.

Advantages of using external prestressing systems include: the absence of sheaths, which facilitates the building
process, making construction more agile; possibility of reducing cross-sections, resulting in lighter and more efficient
structural elements; reduction of prestressing losses due to friction, which may even be neglected when using unbonded
tendons; external tendons with simpler lines and easier verification after installation; since tendons are external, they
are easily inspected and can be re-prestressed or even replaced without interrupting the use of the structure. Figure 1
shows different cross-section types for composite beams with external prestressing tendons.
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Figure 1. Possible profiles for external prestressing. Source: Troistky [1].

Studies indicate that the application of prestressing to composite steel-concrete structures is recent. Ayyub et al. [2]
and Troitsky [1] state that in 1959, Szilard [3] suggested methods for the analysis and design of prestressed composite
steel-concrete beams considering the effects of concrete shrinkage and creep. Hoadley [4], in 1963, investigated the
behavior of simply supported steel and steel-concrete composite beams, prestressed with high resistance tendons and
constant eccentricity along the beam. Strass [5], in the following year, developed an experimental study of composite
steel-concrete beams subjected to positive bending moment. In 1966, Regan [6] analyzed the effects of variations in
slab thickness, prestressing forces and load types on the behavior of simply supported composite steel-concrete beams.

Saadatmanesh et al. [7] to [8] published a series of analytical and experimental studies on prestressed composite
beams in the regions of sagging and hogging bending moments. The authors reported some of the advantages of using
prestressing in composite beams such as: reductions in the weight of structural steel; increases in the range of the linear
elastic regime of the structure; increased strength; and improvements in fatigue and fracture behavior.

Saadatmanesh et al. [9] tested two composite beams, one subjected to positive bending moment and the other to
negative bending moment. The steel beams were prestressed before concrete casting to prevent cracking of the slab.
Force versus displacement graphs of the beams were plotted, as well as graphs of force versus strain of the concrete,
steel beam and prestressing bars. The values measured experimentally correlated well with values predicted by
Saadatmanesh et al. [7], who used internal force equilibrium equations and strain compatibility.

Chen and Gu [10] experimentally determined the strength of sagging moment regions in prestressed composite
steel-concrete beams. In the first stage, the beams were tested without prestressing until the bottom flange of the steel
beam began yielding, at which point the beams were unloaded. In the second stage, prestressing was applied to the
composite beams before loading. The methodology adopted made it possible to analyze the behavior of the composite
beams without prestressing. Additionally, based on the deformation compatibility of the tendons and the beam in the
anchoring section and by balancing internal forces, the equation of the neutral axis is derived. A simplified expression
to determine increases of stress on the tendons is developed, according to the method used to evaluate the capacity of
the prestressed composite beam.

In Brazil, among studies on the use of external prestressing in composite beams, one can mention Nelsen [11] and
Linhares [12]. Nelsen [11] presented a systematic approach for the analytical design procedure of simply supported and
externally prestressed composite steel-concrete I-beams based on requirements from ABNT NBR 8800: 2008 [13], with
emphasis on ultimate limit states (ULS). The author studied the influence of prestress force levels, eccentricity of the
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tendons and constructive methodology (pre-tensioning or post-tensioning) on the strength of structural elements, using
spreadsheets developed with the software MathCAD.

Linhares [12] carried out a case study of an externally prestressed composite box-girder bridge featuring two
continuous spans, proceeding to an analytical verification following design criteria from AASHTO-LRFD. An initial
model consisting of spatial frame bars was developed with the software STRAP for the structural analysis of the system,
followed by the creation of a more refined finite element model featuring shell elements with the aid of the computer
program SAP2000, to confront and validate the results of the initial model, especially in terms of stresses and
displacements. The author concluded that prestressing the composite beam resulted in a small increase in flexural
strength in the region subjected to positive bending moment, proving to be of little advantage, according to the
AASHTO design criteria. The calculation of prestress force losses due to friction resulted in a small value, since the
span only presented two inflection points.

Recently, Lou et al. [14] developed a FE model to analyze composite steel and concrete beams with external
prestressing under short and long-term loads, aiming to compare results with composite steel and concrete beams
without prestressing. The effect of geometric non-linearity was added by considering the flexural and axial interaction
in the finite element formulation, updating the eccentricities of the tendons in the numerical procedure. Results
confirmed that prestressing composite beams considerably improved their behavior under short loads. However, there
was no noticeable difference on the response to time-dependent effects.

Liban and Taysi [15], on the other hand, performed a numerical analysis of a simply supported pre-tensioned
composite beam with overhangs, in order to observe the behavior of regions subjected to positive and negative bending
moments, and also assess the influence of tendon position on the behavior of the structure. Results show that it is more
beneficial for the structure to place the straight tendon near the top flange of the profile, thus obtaining an ultimate load
approximately 22% larger than if the straight tendon was positioned near the bottom flange of the profile.

On this research, a computer program was developed using Microsoft Office Excel [16] with an interface in Visual
Basic language, in the Microsoft Visual Basic Express environment [17]. The program performs the analysis and design
of simply supported composite steel and concrete beams with external prestressing and straight tendons (pre-tension),
checking safety conditions for ultimate limit states and the serviceability limit state (SLS) of excessive deflection.

1.1 Theoretical formulation

The Brazilian standard NBR 8800: 2008 [13] addresses the design of composite steel and concrete beams without
prestressing. Thus, for this research, the design equations were adjusted to include the effects of prestressing forces.
This force is estimated according to Nunziata [18], considering that the maximum compressive stress in the central
section of the steel profile at the time of prestressing cannot exceed the design yield strength of steel, according to
Equation 1.

77777—‘1:,]” (1)

It is worth mentioning that at first, since the element is subjected to pre-tensioning with prestressing occurring
before the application of the construction loads, the steel beam must resist all the stresses introduced by prestressing.
As such, the formulation of Equation 1 uses the properties of the steel profile. Isolation of the prestressing force P
results in Equation 2:

M,

+fa

w »

p=——"a 2
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A4 W,
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Where: P is the prestressing force, f,, is the design yield strength of the steel of the profile, 7, is the maximum
bending moment caused by the weight of the profile, w, is the elastic section modulus of the steel profile, e, , is the

eccentricity of the prestressing tendon in relation to the center of gravity of the steel cross-section, 4, is the cross-
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sectional area of the steel profile, y, is a safety factor applied to the prestressing force and p, is the amplification factor

of the prestressing force, introduced to compensate for losses in prestress force, taken as 1.1.

Equation 2 was adjusted to fit the flexo-compression interaction curve of NBR 8800: 2008 [13]. Assuming that the
design axial force is greater than 20% of the design resistance to axial force, Equation 3, the prestressing force value is
obtained according to Equation 5. Furthermore, the term related to the bending moment due to the weight of the steel
beam cannot be considered when the tendon layout is straight, since the effects favoring structural safety do not occur
at the supported cross-sections in this case.

Na  8Msa oy o Nsa 5 3)
Nra  IMpq Npa
P 8 P
7 pBu . VpPulep o <7 o
Npa IM pq
1
(5)

- yp/}” 4 Sj/pﬂ;zepia
Nig 9M pq

where a1, is the design resistance to bending moment of the steel beam, y, is the load factor of prestressing force,

N, 18 the design resistance to axial force of the steel beam and ¢, , is the eccentricity of the tendon in relation to the

»_a
centroid of the beam cross-section. Remaining variables are defined according to Equation 2.

With the application of the gravitational loads of construction, an increase in the value of the initial prestressing
force is assumed, which varies according to the configuration of the prestressing tendon and the distribution of the load.
This increase in the value of the initial prestressing force, called force increment, can be calculated in several ways,
such as: with the application of the principle of virtual work (Troitsky [1]); deformation increment method or finite
element method. If a straight tendon is considered, the expressions to determine the increase in prestressing force AP
are Equation 6 for uniformly distributed load q and Equation 7 for two symmetrically placed concentrated loads F of
same magnitude, at a distance « from supports.

AP= b (6)
1 E,I
12| e) ,, +-1 40t
4, Epd,

AP e,,ﬂFa(Lfa) (7)
2 Ir 1r
e
ir rp

where £, is the modulus of elasticity of the steel profile, £, is the modulus of elasticity of the prestressing tendon, L
is the length of said tendon, equal to the length of the beam, ;,. is the moment of inertia of the composite section, 4,

is the area of active reinforcing steel, 4, is the area of the transformed composite section, e is the eccentricity of

p_tr
the prestressing tendon in relation to the centroid of the composite section and ¢ is the uniformly distributed load.

Remaining variables are defined according to Equation 5.

1.2 Simplifying assumptions
The present study was limited to the verification of simply supported composite steel and concrete beams with

external prestressing (pre-tension) in regions of positive moment. The steel section and the prestressed composite
section were designed with procedures defined in the standards: ABNT NBR 8800: 2008 [13], ABNT NBR 6118: 2014
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[19], ABNT NBR 7482: 2008 [20] and ABNT NBR 7483: 2008 [21]. Some premises that simplify the analysis and
limit the scope of the study were adopted, namely:
» Compact steel section, that is, local flange or web buckling is not expected, meaning that g, = 9, = 0 =1;

» Complete interaction between steel and concrete materials, guaranteed by the proper design of stud bold shear
connectors;

* Unshored construction;

* Solid reinforced-concrete slab;

» Tensile strength of concrete is neglected;

» Straight line tendon;

* Verification is limited to the mid-span section, where the largest bending moment is expected;

* Shear force is resisted only by the steel profile.

2 PRESENTATION OF THE PROGRAM

The program verifies the ultimate resistance to bending of the prestressed composite beam according to the
methodology adopted by ABNT NBR 8800: 2008 [13] but with the modifications proposed in item 1.1 of this paper.
Doubly and monosymmetric steel profiles are accepted by the program. There is also the option of using the procedure
proposed by Nunziata [18], which checks the stresses on steel and concrete.

Design routines were developed in the form of flowcharts to systematize the entire script and assist in the elaboration
of the program. The routines illustrate the procedures performed, clarifying the sequence of calculations, indicating the
design equations used and the basic commands needed such as decision and data selection. In total, 11 routines were
developed. Routine 1 calculates the position of the elastic neutral axis, ENA, and the moment of inertia of the
homogenized composite section.

Routines 2 and 3 calculate the design resistance to compression and the design resistance to bending moment of the
steel profile, respectively. Routines 4 and 5 are intended, respectively, for calculating the prestressing force and its
increase. Routine 6 verifies the combined bending and axial stresses of the steel profile.

Routine 7 calculates the position of the plastic neutral axis, PNA, measured from the top of the slab, symbolized by
the letter @ when it passes through the slab and by y.xp when it crosses the steel profile. This routine also provides an
expression for the ultimate bending moment of the composite section.

Routine 8 calculates the ultimate shear force, routine 9 determines the midspan deflection of the prestressed
composite section and in routine 10, the calculation of stresses on steel and concrete is presented. Finally, routine 11
includes the calculation of the number of shear connectors needed for full interaction. The complete flowcharts for
routines 1 to 11 are presented in Ribeiro [22].

The logic used in the program, enumerated below, performs the design in three stages of the lifespan of the structure:
phase 1, during construction, when the steel profile resists the construction loads and the prestressing force; phase 2,
when composite behavior is developed and the composite beam supports immediate loads such as live loads attributed
to occupation and finally phase 3, when long-term effects are considered. Table 1 shows the loads considered in the
structural analysis and Table 2 shows the load factors according to ABNT NBR 8800: 2008 [13] for construction load
combination (before curing) and for normal load combination (after curing). Applied loads are calculated using
construction combinations in phase 1 and normal combinations in phases 2 and 3.

Table 1. Load considered in structural analysis

1) g, — Weight of the steel beam

2) P — Prestressing force on steel tendons

3) g; — Weight of the concrete slab

4) AP, - Increment of prestressing force due to the weight of the concrete slab
5) g5 — Serviceability dead load

(6) gqs — Serviceability live load

@) AP, - - Increment of prestressing force due to serviceability dead load
(8) AP, - - Increment of prestressing force due to serviceability live load
) p, — Concrete slab shrinkage
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Table 2. Loads safety fator ()

Loads Before Concrete Casting After Concrete Casting
Weight of the steel beam ( g,) 7’g1 =1.15 Y =1.25
Prestressing force on steel tendons ( P) yig , =120 Yg2 =120
Weight of the concrete slab (g, ) }/;’3 =1.25 Vg3 = 1.35
Serviceability dead load (g5 ) - Ygs = 1.35
Serviceability live load (¢, ) - Yes = 1.50

1) Data input, calculation of geometric properties and ultimate forces of the steel profile and calculation of prestressing
force:

* Calculation of the geometric properties of the cross-section of the steel profile;

* Calculation of the PNA of the steel profile section;

« Calculation of the number of stud bolts;

* Call Routine 1 - Calculation of the ENA of the homogenized section;

» Call Routine 2 - Calculation of the design resistance to compression ( v, ) of the steel profile;

* Call Routine 3 - Calculation of the design resistance to negative moment ( My, ) of the steel profile;

* Call Routine 4 - Calculation of the initial prestressing force (P);
2) Design according to NBR 8800:2008 [13]:
2.1) Verification in phase 1 — Steel beam
* Loads: (1) +(2) + (3) + (4);
* Call Routine 5 - Calculation of increases in prestressing force (AP_4) due to the weight of the concrete slab and
verification of maximum stress on the tendons after force increments;
* Calculation of the design compression force ( Ny, ;) of phase 1:

NSdJ:J/gz'ﬁn‘P*'J/gz'ﬁn‘ABl (8)
* Calculation of the design bending moment (Mg, ,) of phase 1:

' 2
7g3‘g3'Lv
8

! 2
Yg1-81° L
MSd71 :MwL}/g2'ﬁn'P"?pia+

+}/gZ'ﬁn'APll'e,r77a (9)
* Call routine 3 — Calculation of the resistance to bending of the steel profile, My, ;, resistance to negative (Mg, )

or positive ( M, ) bending moment, depending on the value of Mgy, ;;

* Call routine 6 — Flexo-compression design:

N 8 M
Sd71+ Sd*’ﬁ[ (10)
Npa 1 9-Mpq

* Calculation of the design shear force (¥, ;) of phase 1:

7’/‘81‘1% 7’3'83‘14
Vo g =Le 8 Te 8 (1)
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» Call routine 8 — Calculation of the design resistance to shear force (v, ) of the steel profile;

. . V. <V,
» Verification -1~ % ;

2.2) Verification in phase 2 — Steel-concrete composite beam, t=0 and » :%

*Loads: (1) + (2) + (3) + (4) + (5) + (6) + (7) + (8);
* Call routine 5 — Calculation of increments in prestressing force due to applied loads. Calculates increments due to
dead loads (ap, ) and live loads ( ap, ) and verifies maximum stresses on the tendons after the increments;

* Calculation of the design axial force ( Ny, ,) in phase 2:

Ngg 2=Ngg 1+7g2 By AP ++745- B, - AR (12)
* Calculation of the design bending moment (M, , ) of phase 2:

2

2
Vg5 &5 Ly +}’g6 G- L
8 8

MSdeZMSd71+ +7/g2':3n'AP7'epirr+7/g2'ﬁn'APé"epitr (13)

* Call routine 7 — Calculation of PNA and design resistance to bending moment (Mg, ,) of the prestressed

composite section;
* Call routine 6 — Flexo-Compression verification:

N 8M
Sdy sd_2 .

<1 (14)
Npa  9-Mpy >

For simplification, it is assumed that only the steel profile resists axial forces.
* Calculation of the design shear force (75, ,) of phase 2:

Ves 8Ly Ve6q5-Ly
Vsa 2=Vea 1+ 5 ~+-£ (15)

2

e Ve 1<V
* Verifies if "54-27 "R,

2.3) Verification in phase 03 — Steel-concrete composite beam, t=co and » = 35“

c

*Loads: (1) +(2)+(3)+ (@) +(5) +(6) +(7) + (8) + (9);

+ Call routine 1 — Calculation of the ENA of the homogenized section for t=c0 and n= 35“ ;

>

c

* Calculation of forces due to concrete shrinkage (P9):

E.
P9:7g3'?('gc‘s,oo'Ac (16)

£, . 18 the strain caused by shrinkage.

8,00

* Calculation of the design axial force ( Ny, ;) of phase 3:

Ngg 3=Ngy ,+ P (17)
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* Calculation of the design bending moment ( M, ;) of phase 3:

.t
MSd73=MSd72+7g3.P9‘(ytr_?Cj (18)

* Flexo-compression verification:

NSd3 4 8'MSd73
Nga  9-Mpq

<1 (19)

For simplification, it is assumed that only the steel profile resists axial forces. Also, the design resistance to bending
of phase 3 is the same as in phase 2.
3) Call routine 9 — Calculation of deflection.
4) Design according to Nunziata [18]:
» Calls design routine 10 by verification of stresses.

3 EXPERIMENTAL VALIDATION

To validate the changes proposed to the formulations of ABNT NBR 8800: 2008 [13], two experiments on pre-
tensioned prestressed composite beams were used, one tested by Ayyub et al. [2] and the other tested by Chen and Gu
[10].

3.1 Experiment performed by Ayyub et al. [2]

The prestressed composite beam tested by Ayyub et al. [2], named Specimen A, Figure 2, consists of a simply
supported element with a span length of 4.575 m, subjected to concentrated loads of equal magnitude applied at two
symmetrical points in relation to midspan at a distance of 0.915 m from supports. The cross-section features a steel
profile W360 x 45 with f, equal to 345 MPa, a concrete slab with a thickness of 76mm and f, equal to 33.4 MPa

defined by compressive tests of three specimens cured for 90 days. The slab presents a width of 915mm. Prestressing
was performed via steel tendons of grade 150 DY WIDAG Threadbars of 16mm, with f,, of 910 MPaand f,, of 1100

MPa, at a distance of 57mm from the lower surface of the bottom flange of the steel profile, and a prestressing force of
98kN applied to each tendon.

2-13 ¢ STUDS @ I20 |
P/2
W W-W‘ﬂ_)j‘ﬂ—-“ﬂ P ARk AT 8 | LT T e

- 4575 /L N
76 TYP. g 50@(TYR) PL 76x13 (TYP] 76

Zn R p
Fer—dp—w L

I O T T T LA Ine)

MEASURES IN MM

Figure 2. Test setup of the 4.575 m span prestressed steel-concrete composite beam. Source: Ayyub et al. [2].
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Since prestressing was carried out before concreting the slab, increments in prestressing force were determined
using the weight of fresh concrete and the experimental load, totaling an increase of 74.92 kN at the end of the test.
Thus, the prestressing force at the moment of collapse is equal to 270.92 kN.

The ultimate limit state observed for the beam studied was the crushing of the concrete slab, which occurred for a
bending moment of 586.51 kN.m. Calculating the characteristic resistance to bending moment according to the
methodology proposed herein resulted in a value of 515.7 kN.m, 12.07% less than the ultimate load observed
experimentally, showing that the proposed methodology favors structural safety.

3.2 Experiment performed by Chen and Gu [10]

The prestressed composite beam tested by Chen and Gu [10], named BS2, Figure 3, consists of a simply supported
element with a span of 5 m, subjected to concentrated loads of equal magnitude applied at two symmetrical points in
relation to midspan at a distance of 1.4 m from supports. The cross-section is composed using steel plates of 120 x 10
mm for the flanges and 250 x 6 mm for the web, with 7, equal to 367 MPa, a concrete slab with a thickness of 90 mm

and f, equal to 30 MPa defined by compressive tests of three specimens cured for 30 days. The slab presents a width
of 1100 mm. Prestressing was introduced by two steel tendons with a cross-sectional area of 137.4 mm?, with f,, of
1680 MPa and f,, of 1860 MPa, at a distance of 30 mm from the lower surface of the bottom flange of the steel
profile, and a prestressing force of 112.6 kN applied to each tendon.

B, load

O sl - q|‘
i i
=7
-3
1~
L .
o =
w =
z
o
|
P | '

b

i

1800 1040 1 800 1

dimensions in mm

B he brop hop g tw Bpot hot e

1100 90 120 10 250 6 120 10 30

Figure 3. Test setup of the 5 m span prestressed steel-concrete composite beam. Source: Chen and Gu [10].

In this test, prestressing was carried out after concreting the slab, therefore only the test load was considered in the
calculation of the prestressing force, totaling an increase of 72.1 kN at the end of the test, thus obtaining a prestressing
force at collapse of 297.3 kN.

The ultimate limit state of the beam studied was the crushing of the concrete slab, which occurred for a bending
moment of 373.2 kN.m. The characteristic resistance to bending moment, according to the methodology proposed
herein, was 351.67 kN.m, therefore 5.77% less than the ultimate load verified experimentally, showing that the
proposed methodology once again favors structural safety.

4 PARAMETRIC STUDY

4.1 Parametrization models

In the parametrized models, the composite beams analyzed feature double or monosymmetric steel profiles with
smaller top flanges. The profiles are made of structural steel ASTM A572 gr. 50 (/, equal to 345 MPa and , equal to

450 MPa). According to ABNT NBR 8800:2008 [13], monosymmetric cross-sections must meet the criteria given in
Equations 20 and 21.
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I,
<a,<9 com a, = (20)

Ag+4,> 4, (21)

where: 7, is the moment of inertia of the compressed flange in relation to the axis that crosses the web at mid-thickness;
1,, is the moment of inertia of the tensioned flange in relation to the axis that crosses the web at mid-thickness; 4 is
the area of the upper flange, 4, is the area of the web and 4, is the area of the bottom flange of the steel profile. In this
study, the inverse of the coefficient «, is called degree of monosymmetry, q,, which may vary from 1 (for doubly

symmetric sections) to a maximum value of 9.

amzi and /<a,, <9 (22)
OCy

To assess the influence of the degree of monosymmetry, profiles with the same cross-section area, equal to 178.00
cm?, were selected. The weight of the steel [-beams is chosen as the same for all models on purpose, to allow an analysis
of which geometric configuration provides the most resistant prestressed composite beam with the same cost. The
height of the profiles was fixed at 550 mm, the thickness of the web at 12.50 mm and the width of the lower flange at
300 mm. The other parameters of the profiles were chosen to meet the specified steel area and provide variations in the
degree of monosymetry (a,,).

Values of beam length include 9, 10.5, 12, 13.5, 15 and 17 meters, consequently, the ratios between beam length
and profile height studied are equal to approximately 16, 19, 22, 25, 27 and 31. The maximum free-span is 3.0 meters,
equal to the distance between the beams perpendicular to the element under analysis. The distance of the beams adjacent
to the beam studied is 5.0 meters.

Three eccentricity values (c,) 630, 730 and 780 mm, were adopted for the beams as shown in Figure 4. For all

models, the tendon path, formed by steel tendons CP-190 RB, is straight throughout the entire length of the beam.

Concrete slab Shear
Connectors

780
730
630
550

‘ - oy o

k.

g
L2

L

Eccentricity of
Prestressing tendons

Figure 4. Profile scheme.

In total, one hundred and twenty composite steel and concrete beams were designed by the program, 90 of which
are prestressed composite beams with eccentricity values of 630, 730 or 780mm. The remaining 30 models do not
feature prestressing tendons. The models were named according to the presence or absence of prestressing using the
acronyms VMP and VM, respectively. The prefixes VMP and VM are followed by the eccentricity values of
prestressing tendons in relation to the top of the concrete slab, in turn followed by span length and the model number.
Thus, the VMP 730x9x1 model indicates a prestressed composite beam with tendons located at 730mm from the top of
the concrete slab, beam span equal to 9m and model number 1.
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4.2 Methodology

Ultimate limit state verifications related to bending moment and shear force were performed along with checks of
the serviceability limit state of excessive deformation. The verification of the interaction between axial and flexural
forces was also performed. Tables 3 and 4 present the necessary checks for each of the aforementioned phases,
considering the pre-tension method, that is, tendons are prestressed before casting the concrete slab.

Table 3. Design verifications of prestressed steel-concrete composite beam — ULS.

Verification phase

Loads

U.L.S Verification

15t Phase: Steel
Beam

2"d Phase:
Prestressed steel-
concrete composite
beamt=0

3" Phase:
Prestressed steel-
concrete composite
beam t= o0

qi1 — Weight of the steel beam -
P — Prestressing force on tendons
q3 — Weight of the concrete slab

AP4 - Increment of prestressing force due to

concrete the weight of the concrete slab - Fl

Including 1 phase loads
gs — Serviceability dead load

g6 — Serviceability live load

AP7 - Increment of prestressing force due to
serviceability dead load

APs - Increment of prestressing force due to

serviceability live load - Fl

Including 1t and 2" phase loads -

q9 — Concrete slab shrinkage

- Fl

Compression (Ng,; < Ngy;)s

- Bending Moment (Mg, <Mzy,);

- Shear force (vg,; <Vzy;) s

exure-compression Interaction

- Compression (Ng,, < Ngys) s

- Bending Moment (Mg, < Myy,);

- Shear force (Vg,, <Vpy») s

exure-compression Interaction

Compression (Ng;; < Ngys)s

- Bending Moment (M g,; < Mgy;);

exure-compression Interaction

Table 4. Verification phases of Prestressed steel-concrete composite beam — SLS.

Verification phase

Loads

Verifications S.L.S

2" Fase: Prestressed steel-concrete composite beam

st .
15t Fase: Steel Beam t=0and n :%

c

q1 — Weight of the steel
beam

qs — Serviceability live
load
APs - Increment of prestressing

force due to serviceability live
load

P — Prestressing force on
tendons

g3 — Weight of the concrete slab

APy - - Increment of prestressing
force due to the weight of the
concrete slab

Immediate deflection: (s,) Short term deflection: (s,)

t=oc0 and n=&
E

qs — Serviceability
dead load
AP7 - Increment of prestressing

force due to serviceability dead
load

Long term deflection: (s;).

Total deflection: §,,,=6,+5,+6; < % 50
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To proceed with the analysis of the results, the values of applied and resistant bending moment are presented for
the cross section at the middle of the beams, for phase 2. This is because these forces refer to the methodology from
ABNT NBR 8800: 2008 [13] which does not address the effects of creep and shrinkage in ULS analyses, only in the
calculation of deflection. The design stresses acting on the elements are presented for phase 3 because calculations are
based on Nunziata [18], which considers the effects of shrinkage and creep in ULS verifications.

5 RESULT ANALYSIS

5.1 Influence of the ratio between span length and profile height

Regarding the flexural strength of composite beams without prestressing (VM), the analysis of the graph in Figure
5 allows us to observe that, when the L« ratio goes from 16 to 31, there is an increase in the resistance to bending
moment of 10.9% for doubly symmetric section and approximately 10.1% for the section with a degree of symmetry
0f 2.07 and approximately 9.0% for sections with a degree of symmetry of 2.83, 3.88 and 5.22. This increase in strength
is a result of the increase in the effective width of the beam, in turn due to a larger span length.

In Figure 6, the composite steel and concrete beams without prestressing (VM) and the prestressed (VMP) with Lz
ratio equal to approximately 31 did not meet the design criteria for flexural and axial interaction, since the utilization
index (i,,) was greater than 1. For L« ratios of 16 to 25, the beams met the design criteria with clearance. As such, for
the studied load type, it is noted that an L« ratio equal to 27 would be the most advantageous in economic terms, since
the utilization index (;,,) was the closest to 1.

Regarding the flexural strength of prestressed beams (VMP), it is observed that the ultimate bending moment
increases practically linearly as the 74 ratio increases from 16 to 27 for all degrees of monosymetry. It is also observed

that the beams with monosymmetric sections present the highest resistance to bending moment, reaching an increase
of 35.6% when the L« ratio grows from 16 to 27 for the sections with a monosymmetry index of 2.83, 3.88 and 5.22;

38.12% for the section with a degree of monosymmetry equal to 2.07 and 38.75% for the doubly symmetrical section.
For values of L« ratio equal to 27 and larger, the increase in resistance to bending moment is small for both

monosymmetric sections (about 1%) and for the doubly symmetric section (about 3%).

3,600

J . * Prestressed No prestressed 2,800
3,300 2 beams beams 2500 Prestressed No prestressed
3000 n 4 ———— ‘ beams beams
0 - "
~ 700 .—._,- = A-- 100 A— 1.00 2,200 A - 100 A—1.00
ZE * ] A e — T 1,900 207 207
< 2,400 A -4
= MH——. = 1,600 --®-- 283 —e— 283
8 2100 --e--283 —8—283 S
£ i : " . = . 23 1,300 * - 388 +— 3388
1,800 A & - 388 +—3.88 2 52
1,000
1,500 L . J
» $.22 *— 5.22 700 v Monosymmetry
1,200 L Y J 400 e degree
15 18 21 24 27 30 33 Monosymmetry 15 17 19 21 23 25 27 20 31 33
Ud degree

ud

Figure 5. u,, and Mg, versus L/d ratio graphs for ep = 730mm.

The ratio between the resistance to bending moment of the prestressed composite beams and that of the unstressed
composite beams, A, yup/ Mrgr v, ShOWs that the ultimate bending moment of the prestressed composite beams is
much higher than that of the composite beams without prestressing tendons; 21% and 55% greater for L« ratios of 16
and 31, respectively in the case of doubly symmetrical section; and 21% and 49% higher for the L« ratio equal to 16
and 31, respectively, in the case of the section with the highest monosymmetry degree. Larger spans have a higher
Mays var ! Mras e Tatio because as the span increases, in addition to the increase in the effective width, the value of the
prestressing force also increases, which contributes to a significant portion of the ultimate bending moment.

From Figure 5 it should be noted, as expected, that the bending moment acting on the prestressed composite beams
is much lower than that of the conventional beams, being 35% and 34% lower for r« ratios equal to 16 and 31
respectively for doubly symmetrical sections; and 34% and 29% higher for the L« ratio equal to 16 and 31 respectively
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for the section with the highest monosymmetry degree. The bending moment resulting from the application of the
prestressing force reduces the bending moment acting on the prestressed composite beams. The ratio between the
bending moment of the composite beams with prestressing and that of the composite beams without prestressing was
almost constant, around 38%, which shows that prestressing considerably reduces bending effects regardless of span
length.

Although prestressing presented considerable benefits, reducing the magnitude of bending moments and increasing
flexural strength, improvements in beam utilization index (i,,) is less evident, as seen in Figure 6, because the

compression force on the profile due to the prestressing force introduces compression stresses that add to the stresses
arising from bending. Significant improvements in the utilization index only occur for the doubly symmetrical section,
for all L« ratios. For sections with a lower degree of monosymmetry (2.07 and 2.83), the benefits of prestressing are
only observed in smaller spans. In cross-sections with a higher degree of monosymmetry (3.88 and 5.22), prestressing
was not advantageous, resulting in a lower utilization rate.

MD = Monosymmetry degree

1.35 1.35

125 = | 125 =
115 115 .
1.05 1.05 R
& 095 5 095 =
085 0.85 "
s e " * Prestressed
085 065 NPB
e 055 . beams
i : . —_—
045 045 & . LS 1.00 - 1.00
035 035 - Monosymmetry degree |
0.25 025
15 18 21 24 27 30 33 15 18 21 24 27 30 33
ud
PB = Prestressed beams NPB = No Prestressed beams ud NPB = No Prestressed beams
135 1.35
1.25 125
115 115
1.05 1.05
5 095 o 095 e
085 085
075 Prestressed 0.75 Prestressed NPB
065 beams NPB gzg beams
0.55
045 207 207 0.45 c-g- 283 —g—283
0.35 Menosymmetry degree 035 = Monosymmetry degree
025 025 :
15 18 21 24 27 20 13 15 18 21 24 27 0 3
ud NPB = No Prestressed beams ud NPB = No Prestressed beams
1.35 1.35
1.25 { 125 |
115 * [ 115 | 3
1.06 { 105 |
3 095 . 5 095 |
0.85 { 0.85 |
0.75 " Prestressed | 075 | = Prestressed
0.65 beams NPB | 065 | x beams NPB
3 x
0.55 — o —t | 055 | ——
0.45 ¥ - 388 —e—385 | 045 | . o= e o3
035 | % Monosymmetry degree | 035 | & Monosymmetry degree
0.25 0.25 |
15 18 21 24 27 30 33 15 18 21 24 27 30 33
ud NPB = No Prestressed beams ud NPB = No Prestressed beams

Figure 6. i.2 versus L/d ratio for ep = 730mm.

If NBR 8800: 2008 [13] included the effects of shrinkage and creep in the calculation of design loads, there would
be an average increase of approximately 4.1% to 10.7% for La ratios of 31 to 16, respectively. The ultimate bending
moment of phase 3 is the same as that of phase 2.

5.2 Influence of the degree of monosymmetry

According to Figure 7, the composite beams without prestressing show an increase in the ultimate bending moment
(Mgy) as the monosymetry index («,) increases from 1.0 to 2.83 (on average 14.4%). Thereafter the resistance to
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bending moment is practically constant. For each degree of monosymmetry, there is little difference between the values
of flexural strength for the spans analyzed, with the beam with the largest span being the most resistant.

3,600

el m—————— e e

3,300 Per o 4 P=0kNelid=16 K g

L]

3,000 LE P=0kNe Ud=19 &

2,700 ¥ P=0kNelLid=22 %

2,400 < P=0kNe Ud=25 g

E 2100 —e—P=0kNe Ud=27 E

z z
= 1800 - —=—P=0kNe Ld=31
55 1,500 & -P~538kNel/d=16 -

P

1,200 P~792kNel/d=19 5

900 P~1025kNe Ud=22 %
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300 -®-P~1587kNe Ud=27 i
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Figure 7. um,, and Mg, versus monosymmetry degree graphs for e = 730mm.

It is observed that in the prestressed composite beams the ultimate moment also increases if the degree of
monosymmetry is increased from 1.0 to 2.83 for all beams. There is an increase of approximately 15.4%, 15.1%, 14.9%,
14.8%, 13.3 and 10.0% in flexural strength for 4« ratios of 16, 19, 22, 25,27 and 31, respectively. For monosymmetry
index values larger than 2.83, the flexural strength is practically constant. For each monosymmetry index (q,,), there is
a more noticeable difference between the values of flexural strength of the analyzed spans if compared to beams without
pre-tension.

The second graph in Figure 7 illustrates the influence of monosymetry index («,,) on the value of the design bending
moment (ayg,,) for an eccentricity (e)) of 730mm. Composite beams without prestressing show no dependence between
internal bending moment and the monosymmetry index (a,,). As for the prestressed composite beams, there is a slight
dependence between the design bending moment and the monosymetry index («,) When the latter varies from 1.0 to
2.83. There is a small increase of 2.2%, 2.7%, 0.37%, 0.40%, 2.3% and 9.3% in design bending moment for 4 ratios
equal to 16, 19,22,25,27 and 31, respectively, when the monosymetry index increases from 1.0 to 2.83. This is a result
of the prestressing force taking the properties of the cross section and the span length into account. For monosymmetry
index values greater than 2.83, (from 2.83 to 5.22) variations in design load are small.

As shown in Figure 8, the use of monosymmetric profiles is only interesting from an economic point of view for

composite beams without prestressing, in which a reduction in utilization rate is observed when the monosymetry
degree increases from 1.0 to 2.83.
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Figure 8. ia2 versus monosymmetry degree (¢,, ) graph for ep = 730mm.

5.3 Influence of eccentricity
Figures 9 to 14 present the influence of eccentricity (e, ) on the design resistance to bending moment (ar,,,) of the

prestressed beams for r/4 ratios equal to 16, 19, 22, 25, 27 and 31, respectively.
Figure 9 indicates that, for an L/4 ratio of 16, there are variations in flexural strength if (e,) also varies,

regardless of the degree of monosymmetry («,) of the beam. Regarding the smallest eccentricity value (e,

630mm), the resistance to bending moment is reduced by an average of 5.20% when eccentricity increases 100 mm
(e, =730 mm) and an average of 6.73% when eccentricity increases 150 mm (e, = 780 mm) for all monosymmetry

degree values (q,,).

Models & |Rate a,, |Prestressing Mea w{%’ Msar |Msaz — Msaz ep=sa0)
(mm) | L/d Force (kN) (kM) MRaz (ep=630) (kN) M54z (e,=630)
B, T | 4 |VMPagea: 630 802.30 2,288.86 - 474.31 -

=/ --ﬂr_lﬁ 1 |VMPage 730 16 1.00 533.15 2,195.59 -4.08% 482.00 1.62%
2 [ | 21 |[VMPgpeims 780 452.36 2,165.75 -5.38% 485.69 2.40%
A, 51 | 42 [VMPagens 630 912.62 2,509.54 - 476.62 -

4 :‘5 1"1_5 2 |VMPagen 730 16 2.07 581.39 2,386.94 -4.89% 484.46 1.64%
K\Il J.LJ. 22 |[VMPgpeiz 780 487.26 2,350.05 -6.36% 488.17 2.42%
L T | 43 |VMPapes 630 1,015.67 | 2,688.19 - 478.68 -

7 8 > 3 |VMPages 730 16 2.83 622.06 2,534.66 -5.71% 486.75 1.69%
. J-L.L 23 (VMPssoyoo3 780 515.70 2,490.95 -7.34% 450.49 2.47%
o, I | a1 (VMPape 630 1,018.43 | 2,688.38 - 478.41 -

F B -F 4 |VMP3zougem 730 16 3.88 623.71 2,535.54 -5.69% 486.35 1.66%
L L&J 24 (VMPsgouguma 780 517.09 2,492.00 -7.30% 450.03 2.43%
- 45 [VMPaspens 630 1,021.85 | 2,688.81 - 478.00 -

S8 K| 5 VMo 730 16 |5.22 626.17 2,536.99 -5.65% 485.63 1.60%
A J‘L.Ix 25 (VMPogogea 780 519.35 2,493.74 -7.26% 489.17 2.34%

Figure 9. Eccentricity influence - L/d ratio = 16.
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The design bending moment is slightly influenced by eccentricity. For the smallest value of eccentricity, (e, =
630mm), the design bending moment increases an average of 1.64% when eccentricity increases 100 mm (e, =730

mm) and 2.41% when eccentricity increases 150 mm (e, =780 mm).

Figures 10, 11 and 12 show that the r« ratios equal to 19, 22 and 25 present a behavior similar to that of the models
with L4 ratios of 16, regarding variations in flexural strength as a function of eccentricity. For the lowest eccentricity
value (e, = 630mm), the ultimate bending moment decreases by an average of 9.09% (Figure 10), 7.66% (Figure 11)

and 6.72% (Figure 12) when the eccentricity increases 100 mm (e, = 730 mm) and decreases on average 10.92%
(Figure 10), 9.91% (Figure 11) and 9.39% (Figure 12) when the eccentricity increases 150 mm (e, =780 mm).

T €p Fiafi:o n Prestressing| Mgaz |Mgaz — MRdz (ep=630; - Msqz | Msdz — Msd? (p=630) -
{mm} Force (kN) (kM) MR cep=630 (kM) M5a7 (ep=630)
111 |VMPoagansan 630 1,081.36 2,506 88 - 636.80
101 |VMPyaga0a0 730 19 | 100 71872 2,380.19 -5.05% £46.55 153%
106 (VMPrsgansans 780 609.86 2,339.62 -6.67% 651.14 2.25%
112 |VMPazgan s 630 1,229.24 2,750.54 - 640,34
102 |VMPyag0 200 730 19 | 207 783.09 2,583.93 -6.06% 650,64 161%
107 |VMPyggansanr 780 656.29 2,533.74 -7 88% £55.34 2.34%
113 |VMPazganzas 630 1,368.05 3,100.27 - 635.20
: 103 (VWMPragan sam 730 19 283 837.85 2,741.76 -11.56% 653.08 2.96%
. m ] | 108 |VMProoigsics 780 69457 2,68231 -13.48% 65878 371%
1, 114 |VMPozganzaze 630 1,371.79 3,008 90 - 634.92
104 (VMPragansans 730 18 3.B8 240.09 2,743.86 -11.45% 633.40 2.91%
109 |VMPsgynsans 780 696.46 2,684 64 -13.37% 65812 3.65%
115 |VMPasganzais 630 1,376.97 3,007 42 - 634.49
105 |VMPyag005a0s 730 19 | 522 843 61 274716 -11.31% 652.38 2R3%
110 |VMPssganzain 780 £99.66 2,688.10 -13.21% £56.90 3.53%

Figure 10. Eccentricity influence - L/d ratio=19.

Once again, the internal moment suffers little influence from the eccentricity. In relation to the lower eccentricity
value (e, = 630mm), the design bending moment increases on average 2.37% (Figure 10) and 1.6% (Figure 11) and

decreases on average 2.0% (Figure 12) when the eccentricity increases by 100 mm (e, = 730 mm). When the
eccentricity increases by 150 mm (e, = 780 mm), the design bending moment increases on average 3.1% (Figure 10),

2.28% (Figure 11) and decreases on average 1.39% (Figure 12).

In short, for 1« ratios equal to 16, 19, 22 and 25, the eccentricity of 630 mm provides the greatest flexural strength

for all degrees of monosymmetry and, also, the lowest bending moment in most cases, thus this eccentricity would be
ideal for designs featuring the aforementioned L« ratios.
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e €p SEET .. |Prestressing Mgaz | Mgaz — MRaz (ep=630) Mgz | Msan — Msaz (ep=630)
(mm) | £/9 | "™ | Force (kN) | (k) Mpa2 (2630, (kN) M2 (ep=630; 53
46 |VMPagazes | 63D 1,402 70 274878 817.21
6 |VMPrzgaze 730 22 | 100 93277 2,583.52 -6.01% 828 88 1.43%
26 |WMPranazas 780 79164 2,530.55 -7.84% 834.23 2.08%
47 |VMPagaze; | 630 1,592 .80 3,018.02 82259
7 |VMPrzgaze 730 22 | 207| 101490 2,800.60 -7.20% 835.49 157%
27 |VMPrpazar | 78D B50.62 273498 -9.38% 84115 2 26%
48 |VMPagazes | 630 1,77251 3,241.83 826.15
2 |VMPrnaze 730 22 283 1,085.74 2,960.99 -8.39% 240.21 1.70%
28 [VMPropozas | 780 900.12 2,892 33 -10.78% 846.08 241%
49 |VMPagazes | 630 1,776.57 3,244.15 82582
& |VMPrnaze 730 22 3.B8 1,087.93 297277 -8.37% 838.71 1.68%
29 [VMPragazas | 780 901.90 2,895.15 -10.76% 845 51 2.38%
50 |[VMPugazeo | 630 1,782 59 3,247 61 825.00
10 [VMPyagazao | 730 22 |522| 1,082325 2977.22 -B.33% 83832 1.62%
Al o | 30 |[VMProaza | 780 905.87 2,899 83 -10.71% 843 86 2.29%
Figure 11. Eccentricity influence - L/d ratio = 22.
5 Harks i M MRgaz — MRdz (ep=630) M Msd2 — Msdz (ep=630)
Models P Ljd | om Prestressing RdZ - £p ) Sd2 — = %)
{mimy) Force (kN) (kM) MRA? (e =630) (kM) 5d2 (ep=630)
91 |VMPanas s 630 1,765.94 3,014 63 1,013.11
Bl |VMPanas s 730 25 | 100 1,175.01 2,805.65 -5.93% 1,006.46 1.32%
86 |VMPrapyzses | 780 997 45 2,738.56 -9.16% 1,032.39 1.90%
92 |VWMPanas ses 630 1,904 87 3,307.42 1,023.49
82 |VMPans s 730 25 | 207 127827 3,038.28 -B.14% 1,035.75 1.20%
87 |VMPrapzzer | 780 1,071.63 2,955.11 -10.65% 1,042 20 1.83%
93 |WMPanas ses 630 2,036.95 3,451.35 1,079.00
83 |VMPrangsses | 730 25 | 283 1,367.48 3,220.94 -6.68% 1,042 13 -3.42%
88 |VMPrapyzes | 780 1,133.97 3,122 56 -9.53% 1,048.94 -2.7%%
84 |WMPanaz ses 630 2,035.75 3,451.37 1,080.21
84 |VMPraggzaee | 730 25 | 388 1,36B.1% 3,223.03 -6.62% 1,04237 -3.50%
89 |VMPrapyzzes | 780 1,134.31 3,124 54 -9.47% 1,049.20 -287%
95 |VMPongsses | 630 1,958.26 3,407.24 1,102.96
85 |VMPraguzaes | 730 25 | 522 1,37298 3,22821 -5.25% 1,040.96 -5.62%
20 |VMPrenas sea 780 1,138.63 3,129.80 -8.14% 1,047.48 -5.03%

Figures 13 and 14, for L« ratios equal to 27 and 31, respectively, show a quite different behavior from that observed
in L4 ratios equal to 16, 19, 22 and 25. There is no significant variation of ultimate bending moment when eccentricity
value changes. More specifically, for the L« ratio equal to 27, Figure 13, the ultimate bending moment is reducing on
average 0.62% when the eccentricity increases by 100 mm (e, = 730 mm) and 3.07% when the eccentricity increases
by 150 mm (e, = 780 mm). The design moment is reduced with the eccentricity, varying from - 7.89% to -12.37%

when the eccentricity increases by 100 mm (e, =630 mm to ¢, =730 mm), in similar fashion to when the eccentricity

Figure 12. Eccentricity influence - L/d ratio = 25.

increases by 150 mm (e, = 630 mm for ¢, =780 mm), showing reductions of about -7.43% to -14.14%.
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Models € Tt'o a Prestressing| Mpgaz |MRd2 — MRd2 (ep=630 " Mggn | Msd2 — Msd2 (ep=630)

(mm) | 24 | "™ | Force (kM) | (kN MR (2,=630) (kN) M52 (ep=630)

51 [VMPagasa: 630 1,847.12 3,113.36 1,342.33

11 [VMPrgasa: 730 27 | 100 1,445.82 3,047.02 -2.13% 1,236.36 -7.80%

31 [VMPragaza: 780 1,227.68 2,963.39 -4 82% 1,242.62 -7.43%

52 (VMPanase: 630 192203 3,316.90 1,407.31

12 [VMPragasa: 730 7 | 207 1,572.66 3,286.90 -0.60% 1,249.01 -11.25%

32 |VMPragasa 780 1,318.81 3,193.72 -3.71% 1,256.04 -10.75%

53 [VMPanasas: 630 1,957.63 3,457.32 146425

13 [VMPragasas 730 27 | 283 1,626.08 3,454.36 -0.09% 1,283.20 -12.37%

33 |VMPragasas 780 1,395.54 3,372.72 -2.45% 1,265.01 -13.61%

3 (VMPonase: 630 1,856.12 3,458.04 1,465.54

14 [VMPragazas 730 27 | 388 1,624.61 3,455.06 -0.09% 1,284.52 -12.35%

34 |VMPragasas 780 1,395.98 3,374.82 -2.41% 1,265.29 -13.66%

55 [VMPazgases 630 1,834.32 3,447.03 147278

15 [VMPrgasas 730 27 |52 1,601.18 3,440.36 -0.19% 1,295.93 -12.01%

35 (VMPranasas 780 1,398.30 3,378.61 -1.98% 1,264.57 -14.14%

Figure 13. Eccentricity influence - L/d ratio =27.

For the L« ratio equal to 31, Figure 14, in relation to the lowest eccentricity value (e, = 630mm), the design

resistance to bending moment increases on average 0.27% when the eccentricity increases 100 mm (e, = 730 mm) and

increases by an average of 2.94% when the eccentricity increases by 150 mm (e, = 780 mm). The design bending

moment decreases on average 9.30% when the eccentricity increases by 100 mm (e, = 730 mm) and decreases on

average 5.81% when the eccentricity increases by 150 mm (e, = 780 mm).

Models €p Tho - Prestressing Mg Mpdz — MRd2 (ep=5630) Mgy Msg? — Msq2 (ep=630)
{mm) /d ™ | Force (kN) (kM) MRd2 (e,=630) (KN} M5dz (ep=630)

56 |WMPapares 630 1,750.83 3,116.60 1,916.80

16 |WVMPranazas 730 31 1.00 1,496.04 3,138.89 0.72% 1,734.57 -9.51%
36 |VMPranaras 780 1,839.60 3,450.97 10.73% 2,045.06 6.69%
57 |WMPagarer 630 1,815.04 3,314.92 1,584.71

17 |VMPranarar 730 31 207 1,537.29 3,328.42 0.41% 1,796.81 -0.47%
37 |VMPrggarar 780 1,819.66 3,440.89 3.80% 2,052.11 3.40%
58 |WMPinares 630 184153 3,450.38 2,043.66

18 |WMPranaras 730 3l 2.83 1,545.17 3,453.5% 0.05% 1,854.32 -8.26%
38 |WVMPrgparas 780 1,430.10 3,454 32 0.11% 1,774.28 -13.18%
58 |WMPanares 630 1,839.60 3,450.97 2,045.06

18 IVMPragamas 730 31 388 1,543.42 3,454.06 0.09% 1,855.78 -8.26%
38 |WVMPrgparas 780 1,428.42 3,454.75 0.11% 1,775.76 -13.17%
60 |VMPanaren 630 1,819.66 3,440.89 2,052.11

20 |VMPragaman 730 31 5.22 1,521.80 3,440.26 -0.02% 1,866.94 -9.02%
40 [VMPranaren 780 1,406.68 3,439.50 -0.04% 1,788.89 -12.83%

Figure 14. Eccentricity influence - L/d ratio =31.
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In summary, it is concluded that a more comprehensive analysis is necessary to determine the ideal value of design
eccentricity for prestressed composite beams, since the flexural behavior, in terms of resistant and applied bending
moment, differs in relation to eccentricity changes according to the selected /4 ratio. It is important to note that, in
the methodology used herein, the variation in the eccentricity of the tendon implies a variation in the value of the initial
prestressing force, according to the flexo-compression interaction equation (Equation 5). Therefore, an increase in
eccentricity does not always cause an increase in bending resistance, since the initial prestressing force is reduced to
meet the conditions given in Equation 5.

5.4 Analysis of stresses
The stresses were determined considering the interaction of axial forces and bending moment for phase 3, according
to the methodology of Nunziata [18].

Figure 15 shows that the design stresses on the upper flange of the steel profile are smaller than the design yield
stress of steel ( /,, = 31.4 kN / cm?) in all models studied, except for the composite beams without prestressing with an

L/d ratio equal to 31 and prestressed composite beams with an 74 ratio equal to 31 and eccentricity of 630 mm. The
composite beams without prestressing present compressive stresses on the upper flange that are considerably larger
than the values observed for prestressed composite beams. It is also observed that the variation in the eccentricity (e,)

of the tendon influences the stress distribution on the upper flange of the steel profile. For this graph, the models with
eccentricity of 780 mm and doubly symmetrical section presented the lowest stress values.
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Figure 15. Graph of design stresses on the top flange of the profile.

From the graph in Figure 16, regarding the stresses on the bottom flange of the steel profile, it is noted that the
models of composite beams without prestressing do not meet criteria for the design yield stress of steel, except for the
models with an r« ratio equal to 16 and in some models with an 1« ratio of 19. Thus, many of the beams without
prestressing that do not pass the Nunziata methodology [18] meet the criteria of ABNT NBR 8800: 2008 [13]. This is
due to the former being more conservative since it considers the beginning of yield at a point on the cross-section as
the failure criteria, while the criteria of ABNT NBR 8800: 2008 [13] considers the plastic hinge formation as the ULS.

Still concerning stresses on the lower flange of the steel profile, most of the prestressed composite beams meet the
criterion for yield stress limits, except for models with an L« ratio equal to 31. According to the graph presented in
ABNT NBR 8800: 2008 [13], the models with eccentricity of 680 mm and monosymmetry indexes equal to 2.83; 3.88
and 5.22 present the smallest stresses.
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Figure 16. Graph of design stresses on the bottom flange of the profile.
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Figure 17 shows the normal design stress on the top surface of the concrete slab as a function of the L« ratio. It is
observed that the design stress on the concrete portion of the models without prestressing is less than that of prestressed
composite beams. No case exceeded the ultimate stress of 0.s57,,, equal to 1.51 kKN / cm?. Input data used to calculate

each model is given in Table 3.
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5.5 Analysis of displacements

The maximum deflection of the prestressed composite beams and of composite beams without prestressing was
determined by homogenizing the composite section according to the computer routine from which the displacements
at midspan are obtained. Figure 18 shows the maximum deflection value of the beams for different r/4 ratios.
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Figure 18. Maximum deflection of the beams at midspan.

It is noted that prestressing has a significant influence on the Serviceability Limit State of excessive deformation
when analyzing the reduction of the midspan deflection of the prestressed composite beam in relation to the non-
prestressed composite beams, percentage-wise [(dyw - dyup))/dyu, (%)]. According to Figure 18, for an 4 ratio of 31
and eccentricity of 630 mm, the midspan deflection of the prestressed composite beam (dyypr = 78.92 mm) is less than
half the value found for the composite beam without prestressing (dyy = 178.42 mm), with a reduction of 56%. The
midspan deflection reduction reaches 72% for an r4 ratio of 19 and eccentricity of 630 mm, where the deflection is
reduced from 27.16 mm to 7.69 mm.

It is also noted that for L« ratios smaller than 25, there is no significant change in the midspan deflection of
prestressed beams when the eccentricity value is changed. For /4 ratios equal to 27 and 31, however, higher values
of eccentricity of the prestressing force presented smaller displacements. A deflection reduction percentage of 34% is
achieved between eccentricity values of 730mm and 630mm and 25% between the eccentricities of 730mm and 780
mm.

In summary, the analysis of results allowed an assessment of the benefits of applying external prestressing in
composite beams for controlling both ULS and SLS, since there was an increase in strength and stiffness of the beams.

6 CONCLUSION

The main objective of this research was to study the behavior of composite steel and concrete beams with external
prestressing using the pre-tensioning technique with straight tendons. A computer program was developed to calculate
design forces and design cross-sections as regions of positive bending moment of the beams following two design
methodologies: one based on ABNT NBR 8800: 2008 [13] and the other according to Nunziata [18]. In both
methodologies, the prestressing strength is estimated according to Nunziata [18]. The program checks safety conditions
for Ultimate Limit States and the Serviceability Limit State of excessive deformation.

A parametric study, using the computer program developed, was implemented in 120 composite steel and concrete
beams of different characteristics, 90 of them with external prestressing and 30 of them without prestressing. The
influence of the following parameters was evaluated: ratio between the length of the beam and the height of the steel
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profile; monosymmetry degree of the steel profile and eccentricity of the prestressing force. The latter was restricted to
two different locations for prestressing tendons, above and below the bottom flange of the steel profile.

Results indicate that the composite beams of steel and concrete without prestressing (VM) and prestressed (VMP)
with an L« ratio of approximately 31 do not meet the combined bending-compression design criteria for the load
applied, 5 kN/m? of live load, since the utilization rate was larger than 1. For ru ratios ranging from 16 to 25, the
beams meet the design criteria with clearance. It should be noted that the L« ratio equal to 27 would be the most
advantageous in economic terms since the utilization rate was the closest to 1.

Although prestressing has generated a considerable improvement in the behavior of the composite beams under
bending, reducing the design bending moment and increasing the ultimate bending moment, its improvement in the rate
of utilization of the beam was less noticeable, because the compression force on the steel profile due to the prestressing
force introduces compressive stresses that are added to stresses arising from bending. Significant improvements in the
utilization index only occur for the doubly symmetrical section. For sections with a lower monosymmetry (2.07 and
2.83), the beneficial effects of prestressing are only observed in smaller spans. In cross-sections with a higher
monosymmetry degree (3.88 and 5.22), prestressing is not advantageous, resulting in smaller utilization rates when
compared to beams without prestressing.

It was also concluded that the use of monosymmetric profiles in composite beams is only interesting from an
economic point of view for beams without prestressing a with monosymmetry index smaller than 2.83.

For the three cases of tendon eccentricity (630, 730 and 780 mm) studied, it was observed, for L« ratios equal to
16, 19, 22 and 25, that the 630 mm eccentricity provides the greatest flexural strength and the smallest design bending
moment, so this eccentricity would be ideal for the design. For 4 ratios equal to 27 and 31, it was not possible to
establish the ideal design eccentricity, since the eccentricity that provides the largest bending resistance also provides
the highest value of design bending moment.

Finally, it is observed that prestressing has a significant influence on the control of the SLS of excessive
displacement when analyzing reductions in deflection at the midspan of prestressed composite beams in relation to
unstressed composite beams. The result analysis allowed the observation of the benefits of applying external
prestressing in composite beams for controlling ULS and SLS,; since there was an increase in both strength and stiffness
of the beams.

Although underutilized in Brazil due to little knowledge of the system and its design methods, it is clear that
prestressed composite steel and concrete beams have great relevance for maintenance projects, recovery of existing
structures and design of large new structures. International scientific literature presents theoretical and experimental
studies aimed at understanding the structural behavior of this type of beam, and this research contributed to a greater
understanding of design methodologies for these structural elements.
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