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ABSTRACT

ARTICLE HISTORY

The characterization of the structural behavior of composite beams is directly affected by the determination of the effective
slab width. Various codes propose their own definitions of the effective width based on the beam span and the slab width
parameters. However, the evaluation of the effective width may be influenced by other parameters. The aim of this work is
to determine the most important factors affecting effective width for continuous composite beams with semi-rigid joints
using numerical simulations. A three-dimensional finite element model of a composite continuous beam using explicit-
solver available in ABAQUS is developed. The proposed model is validated through comparisons to available experimental
results. A modified model is proposed based on the so-validated model to study the influence of the composite beam-column
joint stiffness on the effective width. Then, both numerical models are used to perform an extensive parametric study to
investigate the influence of various parameters on the estimation of the effective slab width. The influence of slab width,
the shear connection degree, and composite joint stiffness are particularly analyzed to find out the most important
parameters influencing the effective width so that simplified equations for the calculation of the effective slab width are

proposed.
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1. Introduction

Composite steel-concrete continuous beams have been widely used in
bridges and high-rise buildings in recent years because they consist of taking
advantage of both materials. The effective slab width affects the determination
of the section properties of composite beams, which is assumed in their
calculation. The concept of effective slab width allows accounting for the shear-
lag phenomenon developing in the concrete slab, which occurs due to shear
deformation in the slab plan when the longitudinal strain of a slab portion away
from the steel beam is smaller than that in the portion close to the steel beam
[1]. Many design codes [2-4] specify their effective widths for composite beams
by considering the beam’s span as the most important parameter influencing the
effective width. However, they ignore the effect of the degree of shear
connections and the initial stiffness of the beam-to-column composite joints on
the effective slab width. Amadio et al. [5] conducted numerical analyses on the
cantilever and simply supported composite beams to study the influence of shear
connections deformability and loading level on the evaluation of effective
widths. They presented a simple modification of the Eurocode [2] formula to
estimate the effective width of composite beams subjected to hogging bending
moments [6]. Salama et al. found that the beam span and the slab width
significantly affect the effective width. Two formulas were proposed to
calculate the effective width at the serviceability and ultimate states for simply
supported composite beams [7]. Yuan et al. [1] proposed a simplified design
formula for computing the effective width of the cantilever and simply
supported beams based on two theoretical models. A parametric study was
carried out to study the effect of concrete slab thickness, beam span, and slab
width on evaluating the effective width. Lasheen et al. found that the
slenderness ratio of the steel beam and the width-to-span ratio affect the
effective width and loading level [8]. Two equations were provided to calculate
the effective width at service and ultimate load states for simply supported
composite beams. Al-Sherrawi et al. [9] performed a three-dimensional linearly
elastic finite element analysis to study the effect of the interaction degree on the
concrete slab’s stress distribution in a composite continuous beam under
concentrated loads.

Most of the existing studies [1, 5-16] concerning the definition of the ef-
fective width are based on cantilever or simply supported beams.
However, continuous beams or semi-continuous beams (i.e., beams with semi-
rigid joints at their extremities) are regularly met in buildings; in these beams,
regions subjected to sagging and hogging bending are identified. Thus, compo-
site joint stiffness and reinforcement ratio in the hogging bending region should
be taken into account to evaluate the effective slab width. This paper investi-
gates the effect of shear connection degree m, slab width b, and composite joint
stiffness S;;n on the effective slab width of composite continuous and semi-con-
tinuous beams. In the next section, the definition of the effective width will be
briefly reminded. Then, in Section 3, the numerical modeling assumptions will

be presented, and the validation of the numerical model through comparisons
with experimental results will be demonstrated in Section 4. In Section 5, a par-
ametric study is conducted with the so-validated numerical model. Finally, the
obtained results are discussed in Section 6, and conclusions are drawn in
Section 7.

2. Effective width definition

Due to the shear-lag effect, longitudinal stress along the transverse direction
of the concrete slab has a non-uniform distribution. The effective width b is
defined as the equivalent slab width having a constant stress distribution across
it and sustaining stress equal to the maximum stress applied to the slab
considering the actual stress distribution, so the Bernoulli assumption applies.
Accordingly, the magnitude of the constant stress in the effective width is taken
as equal to the peak longitudinal stress in the slab at the slab-beam junction, as
shown in Fig. 1. As a result, the mathematical definition of effective width is:

Taxdz
-3 @

e

(0 )max

where:

b, is the effective width;

b, is the concrete slab width;

o, represents the normal stress in the slab at the top surface in the longitudinal
direction.

(0,) mex represents the maximum normal stress for 0<z <h, .

Fig. 1 Effective slab width definition for a hogging moment section [10]
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In the presented study, the effective widths have been predicted using  Eq.

(1) and solving the integral. These calculations were carried out using
MATLAB® [17] and an approximate method based on the trapezoidal rule.

3. Finite element modeling assumptions

The objective is to simulate the behavior of continuous and semi-continu-
ous composite beams using the ABAQUS software [18]. Due to symmetry in
geometry, loading, and boundary conditions, just one-quarter of the investigated
beams are modeled, as shown in Fig. 2 and Fig. 3. A linear reduced integration
quadrilateral shell element (S4R) is used to model the concrete slab and the steel
beam. This element allows us to obtain a good prediction of the steel beam be-
havior and, in particular, of local buckling effects [19] and have a computation-
ally efficient model involving a limited number of degrees of freedom. Steel
reinforcing bars are modeled as smeared layers with constant thickness in the
shell element. The load-slip behavior of shear studs is simulated using a nonlin-
ear connector element “Cartesian + Align,” which connects a beam flange node
with a slab node at the steel-to-concrete interface where the shear connectors
are located, as shown in Fig. 3. In the direction perpendicular to the beam axes,
a rigid connection is assumed (the uplift is neglected), while the slip-load be-
havior in the direction parallel to the beam axis is derived from the nonlinear
elastic law proposed by Aribert [20], as follows:

Q — Qmax (1_ e%).?y )0,56 (2)

where:

7 and Q are the relative slip between the slab and the steel beam and the
shear force, respectively (see Fig. 4). The maximum shear studs’ resistance
Q. is calculated according to Eurocode 4 [2].

3.1. Material models

By specifying the nominal stress-strain relationship, which is calculated
using Yun et al. [21] proposed bilinear plus nonlinear hardening material model,
material nonlinearity is included in the finite element model. The obtained true
stress and strain relationships are tabulated in ABAQUS [18]. A concrete
damaged plasticity (CDP) method is selected to define the plastic behavior of
the concrete; hence an elastic-plastic behavior including strain-softening can be
defined. The CDP model proposed by Carreira et al. [22] is adopted for this
study. The normalized uniaxial stress-strain relationship for concrete under
compression and tension is illustrated in Fig. 5.

3.2. Contact and constraint conditions

A general contact procedure is selected with a HARD contact property
specified in the normal direction to define the interaction at the interface
between the steel beam and the concrete slab. The PENALTY approach with a
friction coefficient of 0.1 is used for the tangential response, which was
referenced from the study of Al-Jabri et al. [23]. A sensitivity analysis was done
by Dai et al. [24] revealed that using a wide range of friction coefficient values
had no impact on the simulation results. A rigid body constraint is used to link
the loading surface’s nodes to the point where a controlled displacement is
applied.

3.3. Solution scheme

Because of the numerical instabilities in the nonlinear analysis during
concrete cracking, convergence is always complicated to achieve when using
the general static procedure. For this reason, RIKS method is often used to avoid
such convergence issues. However, this procedure is not relevant when material
damage is included. An alternative consists of using the EXPLICIT procedure
to prevent such problems and speed up convergence; this is the selected solution
in this study. A quasi-static analysis should be established within the explicit
solver to prevent the dynamic effect during the EXPLICIT analysis. This
analysis necessitates the application of a smooth loading, which means that the
acceleration must only change by a small amount from one increment to the
next to apply the load smoothly. If the acceleration is smooth, the velocity and
displacement changes would be smooth as well. A reasonable loading rate of 1
mm/min was selected after checking different loading rates on the model, while
the initial stable time increment is 10°s.
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Table 1
Geometrical and mechanical characteristics of the investigated specimens
(based on test results) [25]

Yield Ultimate
Property strength strength Other properties
(N/mm?) (N/mm?)
Beam web 362 451
Bottom beam flange 285 380 Steel grade S235
Top beam flange 281 385
. 14 bars at hogging zone with 2m
Reinforcement 500 / . -
in length and 6 mm in diameter.
hsc =50mm and D= 12.7 mm;
14 studs with 200mm of spacing
Shear connectors / / in two rows at tr_1e sagging zone
and 26 studs with 100 mm of
spacing in two rows at the
hogging zone.
Concrete 37.9 / E = 27800 MPa
Table 2
Comparison between ultimate loads for FEM and Experiments
. Failure load Mid-span defl.
Specimen Qu(kN) EXP/FE atQ=80kN  EXP/FE
1D [25] I — I —
FE EXP FE EXP
P03 190 176 0.93 1.74 131 0.75
P04 211 179 0.85 1.73 1.35 0.78
P05 179 189 1.06 1.73 1.25 0.72
P06 204 232 114 1.73 1.43 0.83
P07 177 175 0.99 1.73 1.44 0.83
P08 189 210 111 1.73 1.48 0.86
P09 190 187 0.98 1.73 1.36 0.79
P10 211 231 1.09 1.73 1.25 0.72
AV 1.02 AV 0.78

4. Validation of the finite element model

The proposed FE model’s validity is examined by comparing the so-
obtained numerical results with those determined experimentally by Janss et al.
[25]. In this test campaign, ten continuous composite beams were tested under
a static control load to study the effect of reinforcement ratio at the internal
support section and the effect of concrete strength on the structural behavior.
Beams P01 and P02 were tested without reinforcing bars; thus, they are
excluded from this study. The details of the investigated beams are shown in
Fig. 2 and Table 1. The numerical and experimental results are compared in
terms of loading capacity and maximum mid-span deflection.

Table 2 lists the ultimate loads, the mid-span deflections for a specifically
applied load (Q = 80 kN), and the ratios between experimental tests and
numerical results. Comparing the load versus deflection curves as reported in
Fig. 6 demonstrates that finite element results are highly correlated with
experimental results. To ensure the accuracy of the Explicit solution, the kinetic
energy (KE) should be less than 10% of the internal energy (IE) [18], which is
the case here. Thus, the explicit solution can be considered as quasi-static by
reducing the dynamic effect even at failure load, as shown in Fig. 7. Finally, the
FE model developed herein is capable of accurately predicting the behavior of
continuous composite beams. In particular, as reflected in Table 2, the accuracy
of the FE analysis in predicting the ultimate load ranges from -15% to 15%,
which is assumed to be reasonable.

5. Parametric study

In order to evaluate the effect of the various parameters (i.e., concrete slab
width, shear connection degree, and composite joint stiffness) on the effective
width, a parametric study is performed as described hereafter. The geometric
and material properties of the PO3 specimen [25] were adopted as a reference
from which the different investigated parameters are varied. A slab width of b
=2m is adopted to study the effect of the shear connection degree and the com-
posite
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Fig. 3 Finite element mesh and boundary conditions of one-quarter of the composite continuous beam
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Fig. 4 Nonlinear constitutive law used in the finite element model
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Fig. 5 Stress-strain relationship of the concrete (Carreira et al. [21])

joint stiffness so that the effective width will be evaluated easily along the beam
span. As mentioned previously, the investigated parameters are:

The effect of the shear connection degree 1 (see Section 5.1);

The effect of the concrete slab width bs (see Section 5.2) and;

The effect of the initial stiffness Sj, i, of a composite joint located at
the level of the internal support (see Section 5.3);

The critical sections of the investigated beam are located at the level of the
internal support (hogging bending zone) and the loading points (sagging
bending zone). Consequently, the effective widths are evaluated for those
critical sections for two loading levels: at Q = Q. i.e., when the structural
behavior of the composite beam is still in the elastic domain, and at ultimate

load Q..
5.1. Effect of shear connection degree

Shear connectors are modeled as explained in Section 3. A full shear con-
nection degree (77 = 1) is adopted in the hogging bending region respecting the
recommendation of Eurocode 4 [2], while four shear connection degrees are
investigated, as shown in Table 3, for the sagging moment region. Fig. 8 and
Fig. 9 highlight the influence of the shear connection degree on the effective
width at internal support and mid-span sections. It is demonstrated that the shear
connection degree has a limited and negligible influence on the effective width
for the investigated composite continuous beams; this confirms the results ob-

tained by Chen et al. [26].

5.2. Effect of slab width

Five beams with different slab widths ranging from 0.5m to 2.5m were
simulated, keeping the same reinforcement ratio ( 4 = 2.6 %) and rebar cross-
section (¢ = 14mm) as in the tested specimens [24]. Since the shear connection
degree does not influence the effective width as demonstrated previously. The
node-to-surface tie constraint option available in ABAQUS [18] is used to
achieve a full connection degree between the concrete slab and the steel beam.
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Fig. 7 Comparison between the predicted kinetic and internal energy

Table 3
Details of beams for the shear connections parametric study

Number of shear connectors

Degree of shear connections 7 ; .
Hogging zone Sagging zone

1 30 20
0.76 26 14
0.60 20 10
0.44 16 6

Therefore, reduced FE model size and convergence time are ensured.
Fig. 10 and Fig. 11 compare the predicted effective width and the effective
width proposed by the code [2] at midspan and internal support under both
loading levels Q.and Q.. It is clear from Fig. 10 that the code overestimates the
effective width at mid-span for the smallest slab width (bs/L < 0.3), while it is
underestimated for the higher b¢/L ratios. From Fig. 11, it can be seen that the
effective width proposed by the code [2] is consistently underestimated at the
internal support compared to the ones proposed by the code [2] and Amadio et
al. [5]. Fig. 12 shows a comparison between the predicted effective width and
the effective width proposed by some previous researchers and codes in the
elastic domain at the midspan section. The computed effective width for the
investigated composite continuous beams is smaller than those proposed by
Salama et al. [7] and Yuang et al. [1]. In contrast, the predicted effective width
at internal support becomes more prominent than the one proposed by Amadio

et al. [5] when by/L > 0.4, as shown in Fig. 11.

5.3. Effect of shear connection degree

In order to simulate the presence of a semi-rigid composite joint at the level
of the internal support, the beams pan of the previous FE model was reduced by
76 mm at the internal support to place a rectangular bar at the level of the bottom
flange, as illustrated in Fig. 13. It is possible to simulate the presence of a joint
with different stiffness levels by playing on the mechanical properties of this

bar.
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Fig. 12 Comparison between the predicted be and be calculated using previously proposed
formulas at mid-span section

The rectangular bar is assumed to have a perfectly elastic behavior to avoid
any failure at its level. In addition, a hole of 76 x 80 mm is created in the
concrete slab to simulate the presence of a HEA 160 column passing through
the slab. With such modeling, the slab is activated in tension, which means that,
in practice, only the reinforcement is activated, while the rectangular bar
activates in compression. The rectangular bar and the steel beam’s bottom
flange were merged to prevent any relative movement between the two surfaces
(see Fig. 13). 2 m of width is selected for the concrete slab to perfectly capture
the shear lag phenomena. The composite joint model was checked through
comparison to the FE model of the continuous beam, assuming a high stiffness
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Fig. 13 Details and boundary conditions of the proposed composite joint model

for the rectangular bar, i.e., assuming a rigid joint at the level of the internal
support. It can be observed from Fig. 15 that the composite joint model predicts
almost the same mid-span deflection as the previously adopted FE model, which
validates the proposed model. As previously mentioned, the bar stiffness EA/L
is calibrated to simulate different composite joint initial stiffness S;, ini. The bar’s
stiffness and the contribution of the reinforcement at the internal support must
be considered for computing the composite joint’s rotational stiffness. This joint
stiffness is calculated according to EC3 [27] and EC4 [2], as follows:

a. Lever arm z between the reinforcement and the rectangular bar (see Fig. 14):



Abdesselam Bahaz et al.

z=h,-05t, +h -a,
=200-0.5x8.5+70—-25=241Imm

where:
h, is the nominal height of the steel beam;
t,, is the beam flange thickness;
h, is the concrete slab thickness;
a, is the longitudinal reinforcement cover.

b. Stiffness coefficient to be considered for the rebar k,; [2]:

I(21 = I(slip X ks,r
where:
kg, IS the reduction factor to account for possible shear connection slips;
k,, is the stiffness coefficient for the reinforcement.
In our case, kgip = 1 because a full shear connection degree (7 = 1) is
adopted in the FE model, and ks, is equal to:

A

kS,T:7
h7(1+ﬂ)+Kﬂ
2

where:
k, = P(4.33°-8.96+7.2)

Agyr is the cross-sectional area of the longitudinal reinforcement in row r
within the effective slab width;

h s the depth of the column’s steel section;

S is the transformation parameter.

In our case, we have a double-sided beam-to-column joint with equal beam
moments on each side (M1, e¢ = My, e4). Accordingly, g — B, is equal to 0 ac-
cording to Eurocode 3 [25].

Finally, the initial stiffness of the simulated joint can be estimated using the
following formula:

E,x22 210000x241?
L @®)
Y6)

Ko ky K

bar

S

where:
kbar is the stiffness coefficient of the bar equal to nA/L with n = Epar/ Ea.

Full shear connection (T1E)

/
{ 1
[ ’ Ft.Rd
/ Concrete slab

Mj.Rd Z

T 4+— Fc_kd

Rectangular bar

IPE200 beam

Fig. 14 Internal efforts distribution in the hogging bending moment for the
proposed composite joint model
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Fig. 16 Mid-span deflection for the proposed composite joint model and the one
previously validated in Section 4

Table 4 summarises the considered initial stiffness for the composite joint
S;,ini for the investigated beams. Fig. 16 shows the effect of the composite joint
stiffness on ultimate load and maximum mid-span deflection. Globally, it can
be seen that the beam stiffness decreases as the composite joint stiffness
decreases, as expected, while the initial joint stiffness has almost no effect on
the ultimate resistance of the composite beam for S ini > 65 MN.m/rad. The
predicted deformations and Von Mises stresses distribution for beam CJO7 are
presented in Fig. 17 and Fig. 18 as an example. It can be observed from Fig. 20
that at the ultimate loading state, the initial joint stiffness affects the effective
width slightly at the joint level (hogging moment zone).

In contrast, in the elastic domain, the effective width increases significantly
with the initial stiffness. However, its value decreases slightly with the increase
of the initial stiffness shows at mid-span. The reason for such behavior is that
the shear lag shrinks with the increase of the initial joint stiffness, and the
effective width is becoming smaller, as shown in Fig. 20.

Table 4
Details of beams for the slab width parametric study

Failure Maximum beat the joint
Beam ID load Qu deflection _region (mm) Evr Siini

N) 5max (mm) Q. atQu (GPa) (MN.m/rad)
CJo1 248 20 350 579 210 41.60
CJ02 266 19 278 709 840 64.70
CJ0o3 268 19 393 732 1680 98.30
CJo4 268 20 451 706 2100 114.40
Cl05 270 19 558 690 4200 15140
CJ06 270 17 627 720 8400 178.80

CJo7 270 16 647 711 21000 191.90
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Fig. 17 Predicted stress distribution and deformation for CJO7 specimen at failure load

Fig. 18 Von Mises stress’s distribution in the concrete slab for CJ07 specimen
at failure load

Fig. 19 Predicted concrete tension failure in the composite joint region for
at ultimate load

6. Discussion of the obtained results

From the conducted parametric studies, it can be concluded that the main
parameters affecting the effective slab width are bs (or, more precisely, the by/L
ratio) and Sj, ini. The effects of these two parameters on the effective width are
discussed hereafter.

6.1. Effect of slab width b

In Fig. 12, the effective widths proposed by Eurocode [2], AISC [4], and
GB50017 [3] for the midspan section are compared with the present FE results
and the formulas proposed by Yuan et al. [1] and Salama et al. [7]. The effective
width proposed by different codes is not in good agreement with the numerical
results. Indeed, the value of b is underestimated for by/L > 0.4 using the
Eurocode and AISC codes. Using the GB50017 code, b, is slightly
underestimated for byL > 0.6, and below those ratios, b. is overestimated.
However, the values of b, found using simplified formulas recommended by
Yuan et al. [1] and Salama et al. [7] are overestimated compared to the present
FE results. Moreover, the effective width formulas proposed by Amadio et al.
[6] and in the Eurocode [2] for the internal support section give approximately
the same values as the FE results for by/L > 4 (see Fig. 11). However, those
values of b, are underestimated compared to FE results when the ratio bg/L is
more significant than 0.6 at both loading levels Q. and Q,. As shown in Fig. 19,
significant cracks are developed in the hogging moment zone at the ultimate
limit state for the smallest slab widths b << 0.2L. Based on the obtained results
from the parametric study and the regression method, the following simplified
formulas has been calibrated to predict the effective width of the continuous
composite beams in the elastic domain and at failure load, respectively:

- Atjoint region:

b,/b, =-0.36xIn(h, /L) +0.32 4

b,/b, =-0.278xIn(b, /L) +0.42 (5)
- At midspan:

b, /b, =-0.303xIn(b, /L) +0.43 (6)

b, /b, =—0.347xIn(b, /L) +0.32 @
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6.2. Effect of the joint initial stiffness Sj, ini

From Fig. 21, it can be seen that the effective width increases significantly
with the increase of the initial stiffness S iniat O < Q. loading levels, while it
increases slightly at the mid-span section (see Fig. 21). Therefore, its effect has
to be taken into account at those levels. Accordingly, new simplified equations
are developed to evaluate the effective width at mid-span and joint regions in
the elastic domain and failure load. The coefficients of the following equations
are determined based on a regression method:

- At joint region:

b, /b, =0.0012xS;,; +0.23 (8)

b, /b, =0.0002x S ;,; +0.64 9)
- At midspan:

b, /b, =-0.0004xS;,; +0.57 (10)

b,/b, =0.0004xS;, +0.33 (11)

where the unit of the initial stiffness Sj i is (MN.m/rad).
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Fig. 20 Comparison of the proposed formulas Eq. (8) and Eq. (9) against the predicted FE
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Fig. 21 Comparison of the proposed formulas Eq. (10) and Eq. (11) against the predicted
FE results

The so-proposed formulas are promising, and the validation of the formulas
to other composite beam configurations can be seen as a perspective to the
present work.

7. Conclusions

A reliable FE model has been developed through the conducted
investigations for continuous and semi-continuous composite beams. In

338

particular, the validity of the continuous composite beam model was verified
and validated by comparing the numerical results to experimental ones. A
simplified model was developed to simulate the presence of semi-rigid joints in
the composite beam, and the component method was used to determine the
associated initial stiffness of the composite joint. With these numerical models,
it was possible to accurately predict the load-deflection response of the
investigated continuous and semi-continuous composite beams and evaluate the
associated effective slab widths along the beams. An extensive parametric study
was conducted to identify the influence of some key parameters on the effective
widths. As a result, it was demonstrated that the slab width and the joint stiffness
significantly influence the effective width, while the effect of the degree of
connection is negligible.

Finally, simplified design formulas were proposed to evaluate the effective
widths considering the effect of the so-identified key parameters. The effective
widths calculated with the proposed formulas predict the effective widths
accurately compared to the numerical results. The formulas provided in this
paper are based on the experimental findings of a specific set of geometrical and
mechanical characteristics presented in Section 4 and Table 1. Further
experimental studies are required to explore the applicability of the proposed
formulation to other composite beam configurations and better understand the
behavior of composite continuous and semi-continuous beams, which
constitutes a perspective to the presented work.
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