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Finite element study of effective width in steel-concrete composite
beams under long-term service loads

Abstract
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creep, shrinkage and cracking. For this purpose, the viscoelasticity theory
in conjunction with a nonlinear cracking monitoring algorithm is used to
trace the nonlinear viscoelastic response of the structure along time. The
present numerical model is fully three-dimensional and permits the inclu-
sion of partial interaction at the slab-beam interface. A comprehensive
study is carried out on the long-term response of a composite girder bridge
previously studied by other researches. Then, previous results are revised
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1 INTRODUCTION

The use of steel-concrete composite beams has a major role in building and bridge engineering. In recogni-
tion to this, design guidelines are provided in most regulations around the world, where the concept of effective
width is introduced in order to avoid complex calculations. The actual non-uniform stress distribution acting
across a slab width due to the shear lag effect, with a maximum stress value occurring at the RC slab edge or cen-
ter, is addressed using an equivalent uniform stress distribution. This distribution acts across a namely reduced
effective width with a stress value equating the maximum value of the actual stress distribution. This simplifica-
tion allows engineers to use elementary beam theory for calculating stresses and deflections under short-term
and long-term loads without loss of accuracy. Nevertheless, expressions for the effective width evaluation as pre-
sented in various design specifications could not consider the potential variability of such quantity due to con-
crete rheology. In fact, within the specialized literature, there are various experimental and finite element (FE)
studies that focus on the slab effective width under other effects such as different load intensities (ultimate and
service loads), pre-stressing (e.g. Chen and Zhang, 2006), partial openings in the RC slab (Wang and Nie, 2015),
among others. However, studies including long-term behavior are more limited (Macorini et al. 2006).

Previous studies have been conducted on the effective width evaluation of steel-concrete composite beams.
Dezi et al. (2001) proposed an analytical model for studying the shear lag behavior of composite girders under
long-term loads, considering only the creep effect of the RC slab in the computed response. Chiewanichakorn et al.
(2004) presented a method for the effective width evaluation using the results of a FE analysis, considering the
concrete stress variation through slab thickness for sagging bending moment regions. Amadio et al. (2004) car-
ried out an experimental evaluation of the effective width in composite members under short-term loads. Maco-
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rini et al. (2006) studied through a FE formulation the behavior of steel-concrete composite beams under long-
term loads, including simultaneously the effect of concrete creep, shrinkage and cracking of the RC slab in the FE
analysis, emphasis was given to the effective width evaluation along time. Chen and Zhang (2006) analyzed the
effect of external pre-stressing on the slab effective width in simply supported steel-concrete beams. Dezi et al.
(2006) studied the effective width in pre-stressed twin-girder in composite beams by considering only the creep
effect. Castro et al. (2007) verified the suitability of the effective width provided for some standard codes consid-
ering the elastic and elastic-plastic behavior of materials using the FE method. In Nie et al. (2008), a definition of
the effective width is presented for ultimate load analysis of composite beams under sagging bending moments.
Xue et al. (2008) investigated the combined effect of creep and shrinkage and relaxation of pre-stressing tendons
on the long-term response of simply supported steel-concrete composite beams. Gara et al. (2009) proposed a
new beam finite element to take into account the shear lag effect and time effects due to concrete creep in compo-
site beams.

Salama and Nassif (2011) tested eight simply supported steel-concrete specimens and proposed an effective
width formula for steel-concrete composite beams under short-term loads. Nie and Tao (2012) calculated ulti-
mate bending moments using simplified design formulas for the slab effective width. In Zhu et al. (2015), a pre-
diction formula for the effective width evaluation of I-girder, twin I-girder and box-girder under short-term loads
was proposed. Galuppi and Carfagni (2016) used the strain energy functional to determine a slab effective width
considering the nonlinear behavior of connectors. Otherwise, Yuan et al. (2016) stated that the evaluation of the
effective width should be based on the element response rather than the value in a section. Then, two theoretical
models were proposed for studying the slipping at the slab-beam interface and the shear lag effect. Recently, Zhu
et al. (2017) studied the shear-lag effect in composite twin-girder decks by means of an analytical approach and
proposed a new definition for the effective width based on positive and negative shear-lag patterns along the
beam axis.

As a practical matter, only a few studies (Macorini et al., 2006, Chen and Zhang 2006, Xue et al. 2008) have
addressed the effect of concrete creep, shrinkage and cracking simultaneously over the entire service life of non-
pre-stressed steel-concrete composite beams with emphasis to the effective width evaluation. In this work, Maco-
rini et al.’s girder bridge is studied and their numerical results are verified. Potential short-comings of some cur-
rent design specifications are also commented for the studied example. For this purpose, an in-house FE program
namely VIMIS developed by the authors is used for the numerical simulations. The used FE model is able to cap-
ture properly the nonlinear response due to concrete cracking and the viscoelastic response of the RC slab. The
shear lag effect is included intrinsically in the model since the RC slab is modeled three-dimensionally. In Figure 1
is illustrated a typical portion of a steel-concrete composite beam as modeled in VIMIS (e.g. Tamayo et al. 2013,
Tamayo et al. 2015, Tamayo and Awruch, 2016, Moscoso et al. 2017, Dias et al. 2015). In this manner, the contri-
bution of the present work can be summarized as follow: 1) Verification of Macorini et al.’s results with the pre-
sent FE model in view of the lack of more results about the variation of the effective width along time; 2) Compar-
ison of computed FE effective width ratios with some regulations (e.g. AASHTO 2012; NBR8800, 2008; EC4, 2005;
GB50017, 2003) and researches formulas (e.g. Yuan et al. 2016, Gara et al. 2009 and Zhu et al. 2017); 3) Suitabil-
ity of the effective width calculation based on the RC slab middle layer stresses versus a through-thickness inte-
gration procedure; and 4) Study of the effect of some creep and shrinkage models such as ACI Committee 209
(1992), B3 (Bazant and Baweja 1995), GL (Gadner and Lockman 2001), CEB MC 90 (CEB 1993), CEB MC 99 (CEB
1999) and FIB MC 2010 (FIB 2010) as well as the ultimate tensile concrete strain on the effective width response.
Finally, a simplified expression is proposed for the short-term effective width evaluation for the studied example.
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Figure 1: Assembly of composite beams in FE program.
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2 CONSTITUTIVE MODELS

2.1 Steel beam and shear stud connections

The state of stress in the steel beam is modeled using the von Mises elasto-plastic law with linear hardening.
The stud shear connectors, which are represented by special beam-column elements, follow a nonlinear shear
force-slip curve since the beginning of loading along the longitudinal and transversal directions of the composite
beam, while full compatibility is assumed in other directions. Both the steel beam and the shear connectors do not
present rheological behavior and remain practically elastic within the serviceability stage.

2.2 Reinforced concrete slab

Concrete in compression is modeled by using an elasto-plastic law following a modified Drucker-Prager yield
criterion with nonlinear hardening. The response of concrete under tensile stresses is assumed to be linear elastic
until the tensile strength f; is reached, and then an orthotropic behaviour is considered. Cracks are assumed to
occur in planes perpendicular to the direction of the maximum tensile stress as soon as this stress reaches the
tensile strength. A strain-softening law is used for the tensile nonlinear behaviour to take into consideration the
tension stiffening effect. In this work the linear descending stress-strain law shown in Figure 2 is adopted. This
function is limited on one end by the cracking strain (e-=f;/Ec), where E. is the elastic Young’s modulus, and with
the ultimate tensile strain & on the other end. This last strain is usually approximated by &,~(10-20).&.- for RC
slabs. However, a value of 0.1 has been suggested in other references (e.g. Liang et al. 2005, Baskar et al. 2002 and
Rex and Easterling, 2000) for RC slabs in composite sections. The model also considers the opening and closing of
cracks due to concrete stress redistribution along time.

Concrete creep and shrinkage are included in the analysis using the viscoelasticity theory, which is linked to
the nonlinear behaviour of cracked concrete. The concrete is considered an aging viscoelastic material both in
tension and compression. The viscoelastic behaviour is expressed in terms of an integral form namely Volterra’s
integral equation using a relaxation function so as to account for creep deformation. The Volterra’s integral equa-
tion is solved using the Kelvin’s chain model, where the relaxation function is expanded in a series of exponential
terms. Only mechanical strains are considered to enter in the short-term concrete constitutive model. The reader
is referred to the works of Macorini et al. (2006) and Dias et al. (2015) for a complete description of the algo-
rithm.

Ecr Etu

Figure 2: Softening law for cracked concrete.

3 FINITE ELEMENT MODELS

3.1 Concrete slab

The RC slab is modeled using eight-node layered thick shell elements. The reference layer is located at the
middle plane of the actual position of the concrete slab, which is connected to the middle plane of the top flange of
the steel beam by means of stud shear connectors. The FE element presents five degrees of freedom at each node
(three displacement and two rotations). The reinforcing mesh can be represented by an equivalent smeared layer
within the element (Tamayo et al., 2013). A typical finite element is shown in Figure 3(a).

3.2 Steel beam and connection system

The flanges and web of the steel beam are modeled using four-node thin shell elements. This element is
based on the superposition of a membrane and thin-plate element as shown in Figure 3(b). The element has six
degrees of freedom at each node (three displacements and three rotations). A five-point integration rule is used
along the element thickness. The connection system between the RC slab and the steel beam is carried out with
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two-node beam-column elements, which join one node from the middle plane of the RC slab with the correspond-
ing node of the upper steel flange as shown Figure 4. These bar elements are located at the real positions of the
shear connectors along the longitudinal axis of the beam.

middle surface

us —
0 MEMBRANE

s ¥ nodal coordinate
coordinate system system k

(a) Layered thick shell finite element for RC slab. (b) Thin-shell element for steel beam.

Figure 3: Finite elements.
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Figure 4: Shear connectors.

4 EFFECTIVE WIDTH EVALUATION

Two approaches are used for calculating the effective width in this work. Firstly, the effective width can be
calculated considering only the middle layer stress distribution of the RC slab (Macorini et al. 2006), as shown in
Figure 5, with the following equation:

1 +b/2
b = [o.dy (1)
’ [O-X ]y:max ;!;2

where b.rand b are the effective width and slab width, respectively, and o is the normal stress acting across the

slab width. Secondly, the effective width can also be calculated using an integration procedure across the slab
width and along the slab thickness as stated in Eq. 2 (Chiewanichakorn et al. 2004). Otherwise, in the case of
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completely cracked regions (e.g. hogging bending moment regions), the reinforcing bars are responsible for
resisting external stresses. Hence, the effective width value is evaluated according to Eq. 3.

+b/2
fﬁxdy
by = (2)
_[ [O-x ]y:max dy
-t/2
1 +b/2
by =t—3— Io;dy (3)

[Gr ]y:max -b/2

where o, and o, max denote, respectively, the average stress measured in the top and the bottom bars at a given
location yalong the concrete width, and the maximum value of this quantity along the slab width (Macorini et al.,
2006). In this work, all results are expressed in terms of the effective width ratio, which is intrinsically defined as
N=">ber/ b.
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Figure 5: Geometry for the effective width evaluation.

5 APPLICATION

5.1 Interior span of Girder Bridge under long-term loading (Macorini et al. 2006)

This example was firstly proposed in the work of Dezi et al. (2001) and then studied in detail by Macorini et
al. (2006). The example analyzes an interior span of a girder bridge, which is considered to be fixed at its both
ends. This model could also represent the superstructure’s model of a one-span integral abutment bridge, rigidly
connected to the abutments (Arockiasamy and Sivakumar, 2005). The span length is 25 m and its transversal
section is depicted in Figure 6. The cylindrical compressive strength foc and the mean value of the tensile concrete
strength f.m are 35 MPa and 3.05 MPa, respectively. The relative humidity at which the structure is exposed is
RH=75% with a notional member size of h=193.5 mm. The connection system is considered to have a shear stiff-
ness per unit length p = 3.0 kN/m?, whereas the steel beam and the reinforcing bars have an elastic Young’s mod-
ulus Es = 210000 MPa. It is important to mention that the shell element used in the quoted reference for the RC
slab modeling is similar to the present one. Then, the FE mesh used in Macorini et al.’s work for the RC slab, which
was obtained after a mesh sensitivity analysis, is also used here. The mesh is divided uniformly into 50 and 20
parts along the longitudinal and transversal directions, respectively, with a unique line of connectors as shown in
Figure 7. Macorini et al.’s results are based on the CEB MC 90, and then the same model code is selected in VIMIS
for comparison. Material properties are listed in Table 1.

Some differences can be expected in the numerical response due to the following reasons: 1) Macorini et al.’s
FE model uses a bar element to model the steel beam, while thin shell elements are used in the present model,
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therefore boundary conditions are not necessary the same at the fixed ends; 2) Macorini et al.’s model uses a spe-
cial connection system with zero-length contact elements located at the slab-beam interface for simulating slip-
ping, meanwhile a special beam-column element is used in the present FE model; 3) Out-plane shear stresses are
considered elastic in Macorini et al.’s concrete model at all times, whereas they are viscoelastic in this work; 4)
The manner in which cracked strains are treated in each constitutive model is different. Also, the ultimate tensile
strain &y is not reported in the quoted reference, and then a value of 0.1 is used herein, unless otherwise stated.

Results of Macorini et al.’s program namely ADAPTIC (or ADAP.) are plotted for comparison whenever they are
available.
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C'ﬂg S— Arl N
ol o —Ar | _[he bs = 600 mm be = 6000 mm
Sps 1, bi = 800 mm he 200 mm
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Figure 6: Geometry of cross-section.
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Figure 7: Finite element mesh and boundary conditions at the fixed ends.

Table 1: Material properties.

Concrete
Young’s-Modulus E28 30000 MPa
Compressive-Strength fok 35 MPa
Tensile-Strength fe 3.05 MPa
Ultimate Compressive Strain €u(-) 25 %
Ultimate Tensile Strain Eu(+) 1.0 %
Poisson’s Ratio ) 0.15
Structural steel
Young’s-Modulus E28 210000 MPa
Yield-Stress fy 250 MPa
Poisson’s Ratio ) 0.30

Reinforcing steel

Young’s-Modulus E2s 210000 MPa
Yield-Stress fy 250 MPa
Ultimate-Stress fu 350 MPa
Connectors
Lateral-Stiffness Kx 1.50 E404 kN/cm
Lateral-Stiffness Ky 1.50 E404 kN/cm
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5.1.1 Linear viscoelastic analysis

Firstly a viscoelastic analysis without considering the effect of concrete shrinkage and cracking is carried out.
An external uniformly distributed load 100 kN/m is applied at 28 days after concrete casting and the computed
results were monitored for 70 years (25550 days). The present FE results, namely VM in the figures, are depicted
in Figure 8. Figures 8(a)-(b) show the longitudinal normal stress distribution across the slab width for the middle
layer of the RC slab at the mid-span and fixed end, respectively, and for two time instants (28 and 25550 days). As
it may be observed, good agreement is found between present and Macorini et al.’s results. Concrete creep only
shifts the stress distributions to lower values (i.e. absolute values) after 70 years, while maintaining the same
bell-shaped form of the distributions. As a result, Figure 8(c) shows that the effective width ratio n remains con-
stant in time. Maximum concrete stress evolutions are shown in Figure 8(d). The calculation of the effective width
according to some standard codes is associated to the definition of an equivalent span length Le, which can be
considered equal to 0.7Lz and 0.25(Li+L2) for sagging and hogging bending moment regions, respectively,
whereas L1 denotes the side length and L; is the mid-span length. For the present continuous composite girder
L1=L2=25 m.

Due to symmetry considerations, in Figures 8(e)-(f) are depicted the n values along half of the normalized
beam axis x/L at all times, where x and L represent the current coordinate position and beam span length, respec-
tively. In Figure 8(e), the computed n values are compared with those obtained using the ASSHTO (2012),
NBR8800 (2008), EC4 (2005) and GB50017 (2003) regulations, meanwhile in Figure 8(f), they are compared
with other approaches based on the works of Zhu et al. (2015), Yuan et al. (2016) and Gara et al. (2009). As it may
be observed, the n values are almost constant in time although they present a quite irregular profile along the
beam axis. The predicted values obtained with the EC4 (2005) and NBR8800 (2008) regulations acceptably
match the current FE results at the mid-span and fixed ends only. Meanwhile, the ASSHTO (2012) code predicts a
constant value 1.0 at all times. Differently from the aforementioned regulations, the Chinese code GB50017
(2003) uses a coupled criterion for n, which includes the use of the beam span length and slab thickness. When
the slab thickness is excluded from the criterion (e.g. namely GB50017 w/o th. curve in Figure 8(e)), the calculat-
ed 1 values conduct to a similar pattern as obtained for the EC4 (2005) code. Otherwise, when the complete crite-
rion is used (e.g. GB50017 w/th. curve), a constant lower limit value 0.5 is obtained. This last value could be ex-
cessively conservative at some beam locations.

The variation of 1 for different width/span ratios according to the EC4 (2005) and GB50017 (2003) regula-
tions is shown in Figure 8(g), where the computed FE results at the mid-span and fixed end are also plotted for
comparison. As it may be observed, the computed n values lie on the EC4 curve, meanwhile they are outside the
horizontal line that defines the GB50017 criterion (see GB50017 w/th. curve), but inside the GB50017 w/o
th.curve, where the slab thickness criterion is dismissed. Finally, in Figure 8(h) is plotted the stress ratios of rebar
to concrete for the fixed end and mid-span at all times. As it may be observed, these ratios are almost equal to 7
for the short-term, thus matching the modular ratios of steel bar to concrete, which for perfect adherence are also
equal to Er/Ec= 210000/30000=7, indicating that the concrete creep has a very limited effect on the computed
response and the beam behaves linearly under the applied distributed load. The stress ratios at 25550 days are
also constant and redouble the short-term values. These results are in accordance with some regulations, where
the long-term modular ratio is 2 to 3 times the short-term value.
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Figure 8: Finite element results for viscoelastic analysis without shrinkage and cracking.
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5.1.2 Linear viscoelastic analysis with shrinkage

In this part of the study, the concrete shrinkage effect is included in the analysis one day after concrete cast-
ing. In fact, this time corresponds to the start of the time-history analysis in the FE model. Figures 9(a)-(b) show
the longitudinal normal stress distribution across the slab width at the mid-span and fixed end, respectively, for
the middle layer of the RC slab and for two time instants (28 and 25550 days). As it may be observed, acceptable
matching is found between present and Macorini et al.’s results for the short-term, but some differences are re-
ported for the long-term response. Firstly, concrete shrinkage acts alone producing a uniform stress distribution
(28 days (b)/VM curve). Secondly, a uniform load is suddenly applied at 28 days, yielding negative and positive
shear-lag patterns at the mid-span and fixed end, respectively (see 28 days (a)/VM curves). At the end, higher and
smoother stress values are obtained at the long-term. Precisely, in Figure 9(c) is depicted the variation of n with
time. As it may be observed, ) approaches to 1.0 since the beginning of the analysis when concrete shrinkage acts
alone. Then, the 1 value is suddenly reduced at both cross sections immediately after loading is applied (0.5 and
0.63 for the mid-span and fixed end, respectively). This reduction occurs because the applied load modifies the
stress distributions, concentrating higher stress at the slab-beam intersection and slab edges. Finally, n reaches
values of 0.95 and 0.80 at mid-span and fixed end at the long-term, respectively. Maximum concrete stress evolu-
tions are depicted in Figure 9(d).

Figures 9(e)-(f) compare the 1 variations in space and time obtained with the present FE model and other
methodologies. As it can be seen, the FE effective width ratios obtained at 28 and 25550 days are quite dissimilar
although with the latter approaching to 1.0 along the beam axis, with exception of the region near the fixed end
(0<x/L< 0.15). In relation to code regulations, the n values predicted by the ASSTHO (2012) and GB50017
(2003) (i.e. GB50017 w/o th. curve) specifications match well the long-term response. Otherwise, the EC4 (2005)
and NBR 8800 (2008) code predictions are on the unsafe side in the central region of the beam (0.35<x/L<0.5)
for the short-term, but they are conservative for the long-term. The curve namely GB50017 w/th. in Figure 9(e),
which includes the slab thickness criterion, can be interpreted as a lower limit. In Figure 9(f), Gara et al.’s and
Yuan et al.’s method are adequate for the long-term response, whereas Zhu et al.’s approach is on the unsafe side
in the central region of the beam for the short-term.

The variation of 1 for different width/span ratios according to the EC4 (2005) and GB50017 (2003) regula-
tions is shown in Figure 9(g). Meanwhile, the stress ratios of rebar to concrete are plotted in Figure 9(h). As it can
be seen, there exist a sharply variation of this ratio from the centre to the edge of the RC slab for the mid-span and
fixed end. In the centre of the fixed end section, this ratio is almost 1.4 and 2.37 times the value at the edge for 28
and 25550 days, respectively. In the mid-span cross section, the stress ratio in the centre is 17.11, and it tends to
66.76 at the slab edge at 28 days, meanwhile this is negative at 25550 days. That is, the stress ratios do not re-
main constant across the slab width as occurred in the viscoelastic analysis. This fact is attributed to concrete
shrinkage, which acts alone since the beginning of the analysis and also redistributes concrete stresses along time.
Therefore, the use of modular ratios could present some limitations in the present situation.
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Figure 9: Finite element results for viscoelastic analysis with shrinkage and without cracking.
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5.1.3 Non-linear viscoelastic analysis with shrinkage and cracking

A more realistic study is carried out including all the aforementioned effects plus concrete cracking. Concrete
stress distributions across the slab width at the mid-span and fixed end for the middle layer of the RC slab are
shown in Figures 10(a)-(b), respectively. As it may be observed in Figure 10(a), acceptable matching is found
between present and Macorini et al.’s results at all times at the mid-span section. Otherwise, it is noticed that con-
crete stresses near the slab center at the fixed end in Figure 10(b) reach the concrete tensile strength immediate-
ly after loading is applied (see 28 days (a)/VM curve). Once cracks are initiated at the slab center, tensile stresses
redistribute to the uncracked regions (edges) and the slab effective width reaches the actual slab width, yielding a
uniform stress distribution at 25550 days. These long-term stresses are slightly lower than the specified concrete
tensile strength (3.05 MPa), indicating that concrete between cracks is still able to resist external stresses. This
last fact is not expected in current design practice, since hogging moment regions are considered to be completely
cracked. Maybe, the ultimate tensile strain value &, used in the softening law for cracked concrete could influence
this final stress distribution. This point will be investigated in section 5.1.6.

The 1 values and maximum stress concrete evolutions are depicted in Figures 10(c)-(d), respectively. The 1
evolution along the beam axis is presented in Figures 10(e)-(f). The values presented in these figures are quite
similar to those obtained for the viscoelastic analysis with shrinkage, then similar conclusions can be inferred
although it should be highlighted that concrete cracking contributes with higher short-term effective width ratios
at the fixed end. In Figures 10(g)-(h), the n value versus various width/span ratios and stress ratios of rebar to
concrete are plotted, respectively. As in the previous analysis, the same trend is also observed. However, the fixed
end n value at 25550 days is now above the curve predicted by Chinese regulation which excludes the thickness
criterion (GB50017w/o th.). In Figure 11 are shown the cracking patterns for the middle layer of the RC slab at 28
and 25550 days.

In Figure 12 are shown the results related to the longitudinal stresses and effective width ratios for the rein-
forcing bars. Present and Macorini et al.’s results were calculated considering the average stress values of the top
and bottom reinforcing longitudinal bars. Figures 12(a)-(b) display the normal stress distributions across the slab
width for the mid-span and fixed end, respectively. As it may be observed, present and Macorini et al.’s results
match well for the short-term values (e.g. 28 days (b)/VM and 28 days (a)/VM curves), but they disagree at the
long-term. Mainly, the stress distribution is particularly different at the fixed end, where a constant uniform stress
increment with time is observed for the present model, meanwhile Macorini et al.’s results showed a non-uniform
stress profile. Nevertheless, the average stress value of Macorini et al.’s distribution approximately matches the
long-term stress value predicted here. Also, the 1 variation with time shown in Figure 12(c), acceptably match
Macorini et al.’s results since the beginning of the analysis, but they start to diverge after 100 days at the fixed
end. This divergence is due to the stress profiles already depicted in Figure 12(b). The 1 profile shown in Figure
12(d) is quite irregular along the beam axis, approaching to 1.0 at x/L = 0 and x/L = 0.5 for 25550 days. The EC4
and NBR 8800 regulations only match the short-term n values at the fixed end and mid-span.
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Figure 10: Finite element results for viscoelastic analysis with shrinkage and cracking.
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5.1.4 Effective width evaluation considering slab thickness integration

In previous sections, the effective width ratio n was evaluated according to the actual stress distribution
across the slab width at the middle layer of the RC slab, namely here Middle Layer Integration (MLI) approach
(see Equation (1)). To validate this assumption, the effective width ratio was also calculated considering the actu-
al stress distribution along the slab thickness, namely here Total Integration (TI) approach, according to Equation
(2). As it is well-known, concrete stresses vary along the slab thickness and across the slab width under flexure. In
Figures 13(a)-(b) are shown the n variations with time and along the beam axis, respectively, for the viscoelastic

analysis.
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Figure 13: Comparisons of Total Integration (TI) and Middle layer Integration (MLI) approaches forn evaluation.

As it may be observed, the two approaches MLI and TI yielded almost identical results. For the viscoelastic
analysis including shrinkage, the results are depicted in Figures 13(c)-(d). As it may be observed, the two ap-
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proaches yielded similar results at most locations; however there are some stations in which the evaluation of 1
becomes difficult because compressive and tensile stresses act together in the RC slab, thus difficulting the appli-
cation of the effective width concept (Zhu et al. 2017). A similar trend is also reported in Figures 13(e)-(f) for the
analysis including shrinkage and cracking. In general terms, the MLI approach acceptably matches the TI's results
at most sections of the beam, then the studied RC slab can be considered sufficiently thin for using only the middle
layer as the representative one. For thicker plates, the TI approach is theoretically more consistent, but it can also
present problems at zones where simultaneous compressive and tensile stresses occur.

5.1.5 Effect of creep and shrinkage models in the effective width ratio

In this section the influence of the ACI, B3, GL, CEB-MC90, CEB-MC99 and FIB-MC 2010 model codes on the n
response and stress distribution is studied. Material properties are listed in Table 2. In Figure 14 are depicted the
creep and shrinkage curves for the period of interest. As it can be seen, the final creep coefficient and shrinkage
strain vary in the range of 1 to 5 and 350E-06 to 460E-06, respectively (i.e. none procedure was used to obtain the
same end values). The stress distributions shown in Figures 15-16 for the fixed end and mid-span, respectively,
are almost similar, with exception of the ACI model, which predicted higher initial stresses (around 3 MPa) before
loading is applied. This is due to the highest shrinkage strain at which the RC slab is exposed according to this
model, e.g. the shrinkage strain at 28 days is 200E-06, whereas the second reported highest strain is 100E-06.
Also, the ACI shrinkage curve overcomes the other ones during the period of 7 to 10000 days. Surprisingly, the
CEB MC99 and FIB MC results better adjusted Macorini et al.’s ones. The n value increases with time approaching
to 1.0 for all models as shown in Figure 17. The 1 variation along the beam axis is depicted in Figure 18 besides
some code results. All models predict similar patterns at 28 days with exception of the ACI model, but in all cases
1 approaches to 1.0 at the long-term.

Table 2: Material properties.

GL CEB MC CEB MC FIB MC
Parameter ACI B3 2000 90 99 10
Fictitious thickness (mm) 193.50 193.50 193.50 193.50 193.50 193.50
Humid (%) 75 75 75 75 75 75
Cement type 1 1 1 1 1 1
Type of curing Humid Humid
Content of cement(kg/m>) 344 344
water/cement ratio 0.54
Relagdo agregado/cimento 1.74
Slump (mm) 70
Content of aggregate (%) 50
Air content (%) 6
Concrete specific weight (kg/m>) 2400
Temperature (°C) 20 20 20
500
B 400
o I
o~ 300
o
£s
£~ 200
=
75}
100
0
L 0= 1000 20000, 00000 1 10 100 1000 10000 100000
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Figure 14: Creep coefficient and shrinkage strain according to various models.
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Figure 16: Stress distribution in the middle fiber of concrete slab at the mid-span (nonlinear viscoelastic analysis with
shrinkage and cracking).

Latin American Journal of Solids and Structures, 2018, 15(8), €97

17/25



Lucas H. Reginato et al.
Finite element study of effective width in steel-concrete composite beams under long-term service loads

ACI 209 BAZANT B3
1.1 1.1

1.0
09 |
08 |
07 |
06 |
0.5 I 0.5 I

04 [ L1l Rt T EETTT] IR ETIT) 04 [ Ll Lou sl Ll PRI
10 100 1000 10000 100000 10 100 1000 10000 100000

Time (days) Time (days)

GL2000 CEB MC 90
1.1 1.1

1.0
09 |
08 |
07 |
06 |
05 |

0'4 [ L1l L1l bl AR 0.4 [ L1l L aanl L1l IR RTIT
10 100 1000 10000 100000 10 100 1000 10000 100000

Time (days) Time (days)

CEB MC 99 11 FIB MC 2010
1.1 .

04 [ » 3 2l PRI T | ol PO | R B 04 L1l gl i sl R
10 100 1000 10000 100000 10 100 1000 10000 100000

Time (days) Time (days)

Mid-Span VM e Fixed End VM
= e= «= Mid-Span ADAPTIC e «= == Fixed End ADAPTIC

Figure 17: Variation with time of effective width ratio at the mid-span and fixed end (nonlinear viscoelastic with
shrinkage and cracking).

5.1.6 Effect of ultimate tensile concrete strain on the effective width ratio

As it was aforementioned, previous results were obtained for €,,=0.1 as suggested in the works of Liang et al.
(2005), Baskar et al. (2002) and Rex and Easterling (2000) for steel-concrete composite beams. However, values
in the range of e,~(10-20)&cr, with e-=e=f;/E. =1.0E-4, are usually used for non-composite RC slabs. To assess
the effect of this parameter in the computed stress distributions and 1 values, the nonlinear viscoelastic FE analy-
sis was rerun for €.,~(10-40).e.- in which lower values of this parameter are associated with more cracking dam-
age in the RC slab. In Figures 19-20 are shown the stress distribution at the mid-span and fixed end, respectively,
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in the middle fiber of the RC slab using the FIB MC 2010 code. As it may be observed, practically the stress distri-
butions at the mid-span remain unchanged at all times.
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Figure 18: Comparison of effective width ratio along the beam axis with standard codes (nonlinear viscoelastic with
shrinkage and cracking).

In the fixed end section where concrete cracking occurs, concrete is still able to resist external stresses for
values between en,= 2.0E-03 - 4.0E-03, but for £,.= 1.0E-03 the concrete stress progressively drops to zero at the
long-term, thus indicating that the effective width ratio should be calculated based on the reinforcing bar stresses
(see Eq. 3). This situation is common in some code regulations such as EC4 (2005), in which the contribution of
cracked concrete is neglected, and steel rebars are in charge of resisting external stresses. Concrete stresses act-
ing at the slab central region have lower values than specified concrete tensile strength (3.05 MPa). This is be-
cause concrete stresses enter to the softening regime immediately after loading is applied. In Figure 21 is pre-
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sented the 1 evolution at mid-span and fixed end with time. As it may be observed, the  parameter reaches a
minimum value of 0.85 and 0.5 at the fixed end and mid-span, respectively, immediately after loading is applied at
28 days, thereafter n approaches to 1.0 at the long-term. This is valid for almost all & values with exception of
g€w= 1.0E-03, in which the n value cannot be calculated after 55 days since concrete stresses are zero at the fixed
end. In Eq. 4 is proposed an expression for evaluating the effective width ratio at the short-term along the beam
axis for the present example (i.e. b/L = 0.12, where b = 3 m and L = 25 m are the current half slab width and
span length, respectively). This expression is plotted in Figure 22 beside the results obtained for all studied creep
and shrinkage models. As it may be observed, the present formula agrees with the FE numerical results consider-
ing concrete creep, shrinkage and cracking. Nevertheless, more parametric studies are needed with other values
of span/width ratios, slab thicknesses and shear connection configurations for completeness.
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Figure 19: Stress distribution in the middle fiber of RC slab at the mid-span for different ultimate tensile strains (FIB MC
2010).
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Figure 20: Stress distribution in the middle fiber of RC slab at the fixed end for different ultimate tensile strains (FIB MC
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Figure 21: Variation of effective width ratio according to ultimate concrete tensile strain (FIB MC 2010).
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Figure 22: Variation of short-term effective width ratio along beam axis.
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4 CONCLUSIONS

In this work, a finite element based approach is presented for the analysis of non-pre-stressed steel-concrete
composite beams under service loads. The model is able to trace the complete nonlinear long-term response of
the structure considering concrete creep, shrinkage and cracking of the RC slab. The model is used to carry out a
comprehensive study for the effective width evaluation of a composite girder bridge. The obtained FE results ex-
pressed in terms of short-term and long-term effective width ratios are compared with other formulations based
on some standard codes (ASSTHO, EC4, NBR 8800 and GB 50017) and researches formulas (Yuan et al. 2016,
Gara et al. 2009 and Zhu et al. 2017). It is important to mention that the present conclusions should be taken as an
initial reference until more experimental data about the effective width variation with time is available. The fol-

lowing conclusions can be draw from this study:

« In most responses, the present FE results corroborate Macorini et al’s results at the mid-span and fixed end at all times for all analyses.
Differences are encountered for concrete stress distributions mainly at the fixed and for reinforcing bar stresses at the long-term.
These differences can be attributed to the manner in which cracking strain are calculated in each constitutive model. Surprisingly,
Macorini et al.’s results, which used CEB MC 90, are better adjusted by the current FIB MC 2010 model. It is important to
highlight that Macorini et al.’s results constitutes a reference until more experimental data or analytical solutions are available.

* The ACI model predicted the highest concrete shrinkage strain since the beginning of the analysis; therefore it yielded a kind of
different response in relation to other models.

* The FE results indicate that effective width ratios vary quite irregularly along the beam axis for all analyses (viscoelastic,
viscoelastic with shrinkage and viscoelastic with shrinkage and cracking) at the short-term, but it approaches to 1.0 at the long-term
for all analyses including shrinkage and/or cracking. Then concrete cracking and shrinkage redistributes concrete stresses
uniformly with time.

* The slab effective width can be evaluated with safety using the middle layer of the RC slab for the present example. This has been
corroborated with a more robust through-thickness integration procedure.

*The slab thickness criterion of the Chinese regulation GB50017 imposes a lower limit of 0.5 for the effective width ratio for all
analyzed cases.

*For a more realistic analysis including concrete creep, shrinkage and cracking, the effective width ratio predicted by the ASSHTO
specification corroborates the long-term effective width ratio predicted by the present numerical model. The GB50017 regulation
excluding the thickness criterion also acceptably matches this value although with less accuracy at the fixed end zone. Meanwhile,
the effective width ratios calculated with the NBR 8800, EC4 and GB50017 (including the slab thickness criterion) specifications
are considerably more conservative along the beam axis.

*None of the aforementioned regulations accompanies the short-term effective width irregular pattern along the beam axis shown in
this study. Only Zhu et al.’s method produced a similar trend. Yuan et al.’s method yielded a constant effective width ratio 0.68,
which is on the safe side at all times, while Gara et al.’s method provided higher effective width ratios on the unsafe side at the
mid-span for the short-term.

+At the serviceability stage, the use of modular ratios is adequate only for the viscoelastic analysis. For other analyses including
concrete shrinkage and/or cracking, the modular ratios, which are commonly used in design practice, drastically differ from the
predicted stress ratios of rebar to concrete.

«In spite of the short-term effective width ratio variation along the beam axis, it could be necessary to calculate the slab effective
width only at the more requested cross sections in flexure. This is because in design practice, the calculated reinforcement at
critical sections is extended to the non-critical ones, thus creating an excessive flexural capacity at these locations.

*In practical terms, the effective width ratio at mid-span and fixed end approaches to 1.0 at the long-term, independently of the
chosen creep and shrinkage model for an ultimate tensile concrete strain value 0.1. When the FIB MC 2010 model is fixed in the
analysis, the use of different ultimate tensile strains does not bring any substantial change on the stress distributions and effective
width ratios at mid-span at all times. At the fixed end, its influence is also not relevant for ultimate tensile strains greater or equal
than 2.0E-3, only for values around 1.0E-3 (which enforces a very severe cracking process) concrete stresses progressively drops to
zero with time; being necessary in this situation to use the effective width ratio of the reinforcing bar stresses. Thus, it could be said
in practical terms that ultimate tensile concrete strain does not influence significantly the effective width value for the studied
example. Also, there is not significant difference for results calculated with ultimate tensile strains of 4.0E-3 and 0.1.

«It has been reported by Nie et al. (2008) that effective width ratios at collapse loads approach to 1.0 due to stress redistribution.
Here, the same conclusion is obtained for the long-term serviceability analysis of a composite girder bridge with b/L = 0.12,
where b = 3 mand L = 25 m are the current half slab width and span length, respectively, including concrete creep, shrinkage
and cracking.
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