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Abstract

This paper aims to predict the flexural behavior of steel-concrete 'composite ultra-shallow
floor beams (USFBs) with precast hollow-core slab (PCHCS). A finite element model based
on tests is developed. A parametric study is conducted, and the influence of the geometric
parameters is discussed. The finite element results were compared with stress block analysis.
It was concluded that the modeling with two symmetry planes offered better computational
cost, and the flexural behavior of steel concrete USFBs was sensitive to dilation angles. From
the parametric study, the models without steel tie bar through the web openings showed
lower bearing capacity. The variation of the reinforcement ratio of the concrete topping
contributed to the cracking ceontrol. The plastic neutral axis position was measured,
considering the mid-span/vertical displacement at 10 mm, 50 mm and 100 mm. From the
stress distributionit-was observed that to define the resisting moment, the P.N.A. closest to
the toptee can be considered. The theoretical model underestimated the resistance of USFBs
with PCHCS.
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Notation

The following notations and symbols are used in this paper:

Ay the area of bottom tee
br the flange width

bers  the effective slab width

the width of the upper flange

bmin

c the depth of concrete topping
above the upper flange

D, the opening diameter

dg the total depth of cellular steel
beam

fea  the design value of concrete
compressive strength

fee  the characteristic
compressive cylinder strength of
concrete

feom  the mean value of concrete
cylinder compressive strength

feem  the mean value of axial tensile
strength of concrete

£t the yield strengthof the steel

ty the tensilewstrength of the
steel

L the span

My, rq the bending resistance of
USFB

N, the compressive resistance of
the concrete slab

N¢ the tensile resistance of the
upper flange of cellular steel beam

N,, the tensile resistance of the
upper tee web

n the number of openings

te the thickness of the concrete
topping

trp,  the thickness of the lower

flange

tre the thickness of the upper
flange

tw the thickness of the web

Ve the depth of P.N.A

Zp the depth of elastic neutral
axis
p the reinforcement rate of the

concrete topping

0 the diameter of steel tie bar
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1. Introduction

Steel-concrete composite structures are widely used in AEC projects
and offer solutions with high structural efficiency and economic viability for
both multi-story buildings and bridges. The strength of the materials and the
possibility of industrialization of the structural components are factors that
favor the use of steel-concrete composite systems, creating solutions. for
various applications in structural engineering. However, somedisadvantages
in using the conventional steel-concrete composite beam (i.e., downstand
composite beam) have been described by several references, such as: the need
for heavier steel profiles with the increase in span; maximizing costs, and the
increased of the floor height, mainly for carrying out service installations
(hydraulic and electrical) [1-3]. In this scenario, for the replacement of that
downstand composite beam, -slim-floors! beams and ultra-shallow floor
beams? have been developed.

In Derkowski“and Surma [4] was described that the steel-concrete
composite slim-floor ‘had its most intense development in the northern
European countries, mainly in Sweden. In that scenario, the researchers from
the Swedish Institute of Steel Construction, with the aim of reducing the total
height of the floor, made a steel profile with an asymmetric section, the lower
flange heavier than the upper flange, for placing the concrete slab on top of
the lower flange [5]. Lu and Mikeldinen [6] reported the application of this

constructive system in public, commercial and hospital buildings in

1 Presented by ArcelorMittal
2 Presented by Kloeckner Metals UK | Westok
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Stockholm as a determining factor for the acceptance and use of technology
in the following years, contributing significantly to the increase in the number
of steel buildings, from 5% of application in projects from commercial
buildings in the early 1980s to 50% nationally, and 80% in the Stockholm
region by the end of the decade. The growing use in the Nordic countries
(Sweden, Finland, Denmark, Norway and Iceland) and the improvement of
the slim-floor system led to the spread across the European continent,
attracting the interest of researchers and British investors from British Steel
[7]. In Ahmed and Tsavdaridis [3] the advances of steel-conerete composite
floors were presented considering different types of floor systems. The
authors presented different typologies of steel-conerete composite floors, i.e.,
slim-floor beams and ultra-shallow floor beams (USFBs). The main difference
between these steel-concrete composite flooring systems is that the former
does not have periodical circular web openings, like the latter. Another
important difference concerns the interaction between steel and concrete. In
the slim-floor system, the interaction between the concrete slab and the steel
profile is made by mechanical devices, such as headed studs shear connectors.
As for the USFB, such interaction is made by concrete dowels with steel tie
bar through the web openings.

Steel-concrete composite USFBs are systems in which the concrete slab
1s positioned at the bottom flange of an asymmetric steel cellular profile, and
it is made with some connection mechanism responsible for promoting the
bond behaviour between the steel and concrete materials. Cellular beams are

characterized by the presence of periodical circular web openings created by
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the castellation process — a thermal cutting and welding procedures. The
increase in flexural stiffness due to expansion of the cross-section height as
well as the periodical web openings that favor the integration of services can
be highligthed as the key advantages [8-17]. According to Tsavdaridis [18],
the use of steel cellular beams can reduce the initial cost of construction by
25% to 30%, reducing the own weight by up to 30% and resulting in savings
that can reach 10% of the cost of the structure. Advantages can be highlighted
regarding the use of USFBs, such as reducing the floor height (Fig. 1),
overcoming large spans, reducing local instabilities since the concrete slab
restricts displacements along the steel profile, protection against fire and
corrosion, fast execution since there is nomeed for shoring (propping) [19-21].
As the top flange of the steel section acts in conjunction with the concrete
slab, the bottom flange is composed of a heavier section, resulting in an
increase of the flexural and shear resistances. Generally, the ratio between
the bottom and top flange areas varies between 1.5 and 2.5 [22] while UB
sections are used for the top tee sections and UC are used for the bottom tee

sections.

19T S Sl W\
THREE L\

(a) With profiled steel decking [23]
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(b) With precast hollow-core slabs [23]

Fig. 1: Steel-concrete composite USFB

In the last decades, precast concrete hollow-core slabs (PCHCS) have
been widely used as an alternative solution to solid and composite slabs with
embedded steel formwork [3,24]. The use of PCHCS offers advantages such
as the possibility of overcoming large spans, speed, and reduction in
construction costs due to their prefabricated nature [25-28]. Pajari and
Koukkari [29] described that a structural element, such as the steel profiles
that support hollow core slabs, is considered flexible if the shear strength of
the slabs is reduced due to deflection. These deflections cause relative slip
between the hollow core units and the steel profile. Pajari [30] stated that the
connection and friection between the ends of the slab and the beam tend to
prevent slippage, resulting in transverse stresses and deformations.
According to Hegger et al. [31], it is necessary to decrease the design shear
strength of PCHCS on flexible supports. The publication SCI P401 [32]
reports that the resistance of PCHCS on flexible supports, which are those
(i.e., bottom flange of the steel beam) that undergo deflection, thus increasing
the deformations in the PCHCS, can be improved by filling the cores with in-
situ concrete, or by placing concrete topping over the PCHCS units. The in-

situ concrete topping provides resistance and uniform finishing. Usually, in-
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situ concrete topping is 40 to 100 mm of thickness, strength ranges from 25
to 40 MPa, and a small amount of reinforcement to control shrinkage [26,33].
Girhammar and Pajari [34] showed that the concrete topping can be used to
improve the shear capacity of hollow core slabs. Derkowski and Surma [4]
highlighted that concrete topping not only increased the shear capacity, but
also had a positive effect on the stiffness of the steel-concrete composite slim-
floor with PCHCS.

In the present study, only the steel-concrete composite USFBs are
considered, as shown in Fig. 1, as USFB is one of the lease developed and
used in practice systems. It is worth noting that studies of composite USFBs
began in the 2010s, and the first investigations were carried out at the City,
University of London by Tsavdaridis [18] and Huo [35] in collaboration with
Westok (Kloeckner Metals, UK). It isimportant to note that the studies cited
here worked only with in-situ concrete. In Tsavdaridis et al. [36] five four-
point bending tests were performed. The reference specimen, unlike the
others, was not provided with in-situ concrete filling. The authors verified
that the concrete, filling inhibited the local buckling of the steel cellular
profile, thus increasing the resistance. Huo and D’Mello [37,38] assessed the
shear transfer mechanisms between steel and concrete by tests. In these
studies, the authors predicted the shear resistance of USFB by concrete
dowels. The flexural test results showed that the failure mode was a function
of the concrete dowel rupture, and the stiffness of the steel-concrete composite
USFB in the elastic branch was not influenced by the longitudinal shear

resistant mechanism. Braun et al. [39] studied composite USFB with small
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openings carrying out tests and finite element analyses. The authors showed
that the shear resistance of concrete dowel was efficient, increasing the
bearing capacity of this flooring system. In Chen et al. [21], flexural tests were
presented. The results indicated that the models with asymmetrical steel
profile presented higher bearing capacity and ductility, and the failure was
characterized by concrete crushing. Limazie and Chen [40] developed a finite
element model to perform a parametric study. In this study, the concrete slab
effective width, the concrete topping and the dimensions of the steel cellular
profile were investigated. The author concluded that the concrete slab width
had no considerable influence on the degree of composite action, the greater
the height of the concrete topping, the greater the bearing capacity, and
finally as the opening diameter increased, the resistance of USFBs decreased.
Subsequently, Limazie and Chen [20] presented an analytical model to
predict the shear resistance. It is composed of three portions of resistance: the
concrete in compression, the.concrete in tension and the steel tie bar through
the web opening of the eellular profile. In Ryu et al. [41], the shear transfer
mechanism was studied considering the concrete slab composed with biaxial
hollow-ball and glass fiber-reinforced plastic plates (GFRP). The authors
showed the increase of shear resistance due to the contribution of the GFRPs.
At last, in Dai et al. [42], a parametric study employing finite element
analyses was presented. The authors verified the increase in the shear
resistance in the steel-concrete interface as a function of the increase in the
diameter of the concrete dowel. In De O. Ferrante et al. [43] a proposed steel-

concrete composite floor system, which was formed by partially-encased
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asymmetrical steel profile with periodical rectangular web openings, was
investigated by tests. The experimental results agreed with the theorical
analyses predicted by the authors. In Alam et al. [44], the behavior of steel-
concrete slim-floor systems was investigated in fire situations. According to
the authors, the current fire design guidance used for slim-floor beams was
highly conservative, in compared with tests results. Kyriakopoulos et al. [45]
presented tests and numerical results of the flexural behavior of shallow floor
composite beams known as a Deltabeam. In this case, the composite system
is formed by steel boxed section with circular web openings. The authors
highlighted that ductility depend not only on the steel profile, but also on the
ability of the concrete section to resist large strains:.

From the current literature, the studies of steel-concrete composite
USFBs with PCHCS are scarce. The present paper aims to investigate the
flexural behavior of steel-concreteicomposite USFB with PCHCS. For this, a
finite element model is developed based on tests. In the validation study, the
influence of the frietion coefficient on the steel-concrete interface is analysed.
The dilation ‘angle that establishes the constitutive model of concrete is
assessed. Two types of symmetry are investigated in order to reduce the
computational cost. After the validation step, a parametric study is carried
out to verify the influence of the geometric parameters. Finally, the results
are discussed considering each parameter evaluated.

2. Finite element model
This section describes the methodology applied to the development of

the finite element model via ABAQUS software [46]. Non-linear geometric
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analysis is considered (General Static). The load is applied by automatic
increments with a minimum tolerance for convergence of 105 of the applied
external force.
2.1. Tests

There are no tests of steel-concrete composite USFBs with PCHCS in
the literature. Thus the finite element model is developed based on:three
tests! two of USFBs with in-situ concrete, and another with slim-floor ‘beam
with PCHCS. The latter is valid because it is a floor system similar to USFBs.
In this context, tests performed by Chen et al. [21], Dai.et al.-[42] and Souza
[47] are considered for the validation study. The geometric characteristics of

the tests are shown in Fig. 2.
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Fig. 2: Geometric characteristics of the tests
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2.2.  Constitutive models
2.2.1. Concrete

The Concrete Damage Plasticity (CDP) [48-50], which allows
characterizing the mechanical behavior of concrete both in compression and
in tension, is used to simulate the concrete. CDP model can represent the
plasticization of concrete from continuous damage assuming that the.main
failure modes are cracking and crushing. The main parameters needed to
define the CDP model are dilation angle (), eccentricity (e), biaxial stress
ratio (0,9 / 0.), shape factor (K.) and viscosity (u). Except for the dilation
angle, the other parameters were considered as standard [46]. There is no
consensus among the scientific community regarding the range of values for
the dilation angle, as this parameter may represent a condition equivalent to
the specific ductility of the concrete structure to be modeled. Rewers [51]
concluded that the models became more representative when the dilation
angle was greater than 25°. Behnam et al [52] recommended values between
38° and 42°. Nguyen et al [36] verified that the increase in the dilation angle
increased the resistance of the PCHCS, indicating satisfactory results for an
angle equal to'28°. Qureshi et al. [54], Genikomsou and Polak [55] and Earij
et al. [56] used a dilation angle equal to 40°. In a study with steel-concrete
composite sections, Katwal et al. [57] obtained satisfactory results for the
value of 30°. As shown, the dilation angle must be calibrated as a function of
the structural behavior of the element to be represented. In the present study,

the dilation angles are defined by means of a sensitivity study.
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The stress-strain relationship of concrete under compression described
by Eq. (1) is built from the formulations and parameters proposed by EC2
[58], where n =¢./¢,; and k = 1.05- E.p, - |11/ fem- The continuity of the
stress-strain beyond the ultimate deformation is established using the
equations and parameters of Xu et al. [59] and Pavlovic et al. [60]. Egs. (2-3)
represent the concrete in the descending branch. In these equations the
parameters a, and a,; are defined from the characteristic compressive

strength of concrete (f.;).

. k=7
Oc = fem TTk=2) 7 N < /& (1
Jc:fcm'[aa'n"*'(:g_zaa)'nz+(aa_2)'773]; T]S1 (2)
_ i Y
%= Jem G —Dzear 171 ®

For concrete in tension, the stress-strain relationship is calculated from
the equations presented in Xu et al. [59], based on GB-50010-2002 [61] (Egs.
4-5), where 1 = &,/ &4y, £ 1S:the strain corresponding to the average tensile
stress (foem).

Ot = fctm ' 1;277 - 012776 N <1 (4)

Y
G (1= DV +7

0t Sofetm n>1 (5)

The concrete strengths, which are used in numerical modeling, are
shown in Table 1, according to each reference. The strength values were

calculated according to EC2 recommendations.



247

248

249

250

251

252

253

254

255

256

257

258

Table 1: Concrete strength
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Reference In-situ concrete Precast concrete
£x (MPa) Lm (MPa) £x (MPa) £m (MPa)
[21] 29.1 37.1 : -
[42] 34.5 42.5
[47] 28.0 36.0 37.0 45.0
2.2.2. Steel

The stress-strain relationship of the embedded steel formwork is

assumed to be elastic-perfectly plastic. For the steel mesh, steel tie bar and

steel profile, it is used a bilinear model with isotropic hardening. For the

cellular profile is adopted the relationships and formulations of the studies

by Byfield et al. [62] and Lawson and Saverirajan [9). The implementation of

the stress-strain relationship of steel must be carried out' with the real values

(Egs. 6-7). The steel strengths are presented in Table 2-4.

e =In(epom + 1)

0 = Onom " 1+ 5nom)

(6)
(7)

Table 2: Steel strengths used in-Chen and Limazie model [21]

£, (MPa) f£,(MPa) E(GPa)

Top-flange 462.9
Bottom flange 410.5
Web 462.9

Steel tie bar (14 mm) 548.3
Reinforcement (10 mm) 415.0
Reinforcement (8 mm)  428.3
Steel sheets (1.5 mm) 280

558.8
553.9
558.7
586.7
588.3
551.7

188
185
188
210
210
210
210

Table 3: Steel strength used in Dai et al. model [42]

5, (MPa) £ (MPa)

E(GPa)

HEB200 428
Bottom plate 455
Steel tie bar (16 mm) 5002
Steel mesh A252 4852

519
525
6502
5002

210
210
210
210

Table 4: Steel strength used in Souza model [47]

£, (MPa) £ (MPa)

E(GPa)

W200x46,1 345
Headed stud (19 mm) 330
Steel mesh Q138 600

450
430
632

200
200
210




259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

15

2.3. Interaction

Although there are numerical studies carried out in USFBs, such as
Tsavdaridis et al. [63,64], these studies investigated the shear resistance of
partially encased perforated steel beams. Therefore, in this context, the
present study considers the investigations carried out as a function of flexural
behavior of USFBs, following described. The interaction between the. steel
profile and the concrete slab is performed using the surface-to-surface contact
method, considering normal and tangential behavior. A friction' coefficient
equal to 0.2 is adopted for the steel-concrete contact.[42,65]. Between the
contact surfaces of in-situ and prescast concretes, a friction coefficient equal
to 1.0 is assigned [66,67]. For the contact between the steel sheets and the
cellular beam, a friction coefficient equal to 0.01 is adopted [68]. For the
interactions between the concrete and the steel tie bars of the models, tie
constraint surfaces is used, which links the nodal elements of two surfaces
with different meshes. Embedded region is used between the in-situ concrete
topping and the steel mesh.
2.4. Boundary conditions

As a strategy, in a first step, the symmetry modeling method is applied
to the three reference models, considering symmetry at XY plane. In the
second step, after validation, it is verified the effectiveness of representing
only a quarter of the geometry, that is, two planes of symmetry, XY and YZ
planes. This leads to a considerable reduction in processing time. Fig. 3

1llustrates the application of boundary conditions.
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Load

Symmetry
U,=UR=UR,=0
\
Symmetry
U, = UR,=UR =0

Support

- U,=U,=U,=0
283 Fig. 3: Boundary conditions of validation study

284 2.5. Discretization

285 The finite element discretization for the models by Chen et al. [21], Dai

286 et al. [42] and Souza [47] are presented in Fig. 4, Fig. 5 and Fig. 6,
287 respectively. In the modeling of concrete elements, steel profiles, steel tie bar,
288 and shear connectors, C3D8R elements are used. The reinforcements for
289 cracking control are modeled with. T3D2 elements. For steel-concretes
290 composite slab, embedded steel formwork is discretized with S4R elements.

Cellular beam
Concrete slab C3D8R - 25 mm
C3D8R —25-50 mm

Actuator
C3D8R - 25 mm
s
Steel tie bar
Steel mesh C3D8R —10 mm
T3D2 — 100 mm

Steel sheets
S4R - 25 mm

291

202 Fig. 4: Discretization for the Chen et al. [21] model
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Concrete slab
C3D8R - 25-50 mm

Actuator
C3D8R - 25 mm

Cellular beam
C3D8R — 25 mm
Steel mesh

T3D2 - 100 mm

Lower plate 7 Steel tie bar
C3D8R—-25mm 1 C3D8R — 10 mmi
293
294 Fig. 5: Discretization for the Dai et al. [42] model
/ Concrete'topping Steel beam
C3D8R - 25-50 mm C3D8R-25mm
Actuator
C3D8R — 25 mm
ey
Steel mesh
T3D2 — 100 mm
In-situ concrete ~Hollow-core unit
C3D8R — 25 mm C3D8R — 20-30 mm
295
296 Fig. 6: Discretization for the Souza [47] model

297 2.6. Validation results
298 2.6.1. Symmetry
299 As previously described in section 2.4, a study was carried out to reduce

300 the computational cost, considering one and two planes of symmetry. Next in
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Fig. 7, the response is illustrated by load-displacement relationships,
considering as an example the test carried out by Souza [47]. For the same
processor, modeling with only one symmetry plane took approximately 7
hours to complete, while modeling with two symmetry planes took 3 hours.
Thus, as there was no difference in the response between the analyses, the

modeling with two symmetry planes offers better computational cost.

250
200 ;
Z 150
E
g 100
—
....... Test
30 One plane of symmetry
0 —— Two planes of symmetry
0 10 20 30 40 50

Mid-span vertical deflection (mm)

Fig. 7: Influence of symmetry on boundary conditions

2.6.2. Dilation Angle

Fig. 8 shows the influence of the dilation angle. In general, the greater
the dilation angle, the greater the resistance of the structural system.
However, it is notedthat for the model by Chen et al. [21] (Fig. 8a), the value
of 40° was closer to the test result, while the 30° and 20° values were closer to
the models by Dai et al. [42] (Fig. 8b) and Souza [47] (Fig. 8c), respectively.
This last model is modelled with PCHCS. It is important to highlight that in
the study carried out by Nguyen et al. [53], the value of 28° was recommended

for PCHCS.
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400 1000
350 [ e
300 : 800 | e
£ 250 Z 600
g 200 9
400
S150 |/ 3
100 S R B T Test A X Test
i — =20 200 | /¢ — =20
50 |F — ¥ =30 —y =30
— =40 — =40
0 0
0 25 50 75 100 125 150 0 25 50 75 100
Mid-span vertical deflection (mm) Mid-span vertical deflection (mm)
(a) Model of Chen et al. [21] (b) Model of Dai et al: [42]
250
200
£ 150
=t
g 100
—
....... Test
50 — =20
—w=30
——W=40
0

(=]

10 20 30 40 50
Mid-span vertical deflection (mm)

(@ Model of Souza [47]
Fig. 8: Influence of dilation angle

2.6.3. Elaborated models

Fig. 9 shows the results by force-displacment relationship. Chen et al.
[21] identified;crushing of the concrete in the compressed region of uniform
bending as failure mode (Fig. 10a). The numerical model identified a failure
mode similar to that described by the authors, as shown in Fig. 10b. In
relation to the test performed by Dai et al. [42], few details about the failure
modes were presented. However, the authors described the occurrence of
cracking regions. The numerical model showed the cracking regions (Fig.

10c), and it was also possible to verify that the steel section presented yield
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328 regions, as shown in Fig. 10d. Finally, during the Souza [47] test longitudinal
329 cracking was identified in the concrete topping (Fig. 10e), and yielding of the

330 steel profile (Fig. 10f). Table 5 summarizes the results.
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331 Fig. 9: Final results

DAMAGEC

(Avg: 75%)
+9.69%-01
+8.891e-01
+8.083e-01
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+6.466e-01
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+4.850e-01
+4.041e-01
+3.233e-01
+2.425e-01
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(a) Test [21] () Numerical model
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AC YIELD
DAMAGE (Avg: 75%)

(@ Steel yielding

S, Mises
(Avg: 75%)
+3.667e+02
- +3.367e+02
+3.068e+02
- +2.768e+02
+2.469e+02
- +2.169e+02
+1.870e+02
+1.570e+02
+1.271e+02
+9.713e+01
+6.718e+01
+3.722e+01
+7.272e+00

(a) Longitudinal crack in concrete (b) Steel yielding
topping
Fig. 10: Final configurations of finite element models

Table 5: Final results

Model Reference Fiest (kKN) Fre (kN) Fiest/ FrE
1 Chen et al. [21] 349 329 1.06
2 Dai et al. [42] 758 787 0.96
3 Souza [47] 194.1 192.0 1.01
Var. 0.2%
S.D. 4.1%
3. Parametric study

With the results presented in the validation study, it is possible to state
that the finite element model was validated. As the steel-concrete composite
cellular slim floor with PCHCS are structures similar to those used in the

validation study, it is possible to develop a numerical model capable of
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predicting the flexural behavior, and consequently, carry out a study to verify
the influence of geometrical parameters. This will be done using the same

boundary conditions applied previously, as shown in Fig. 11.

Concrete topping
C3D8R - 25-50 mm

|

VC216x56
C3D8R - 25 mm

Symmetry %
U, =UR=UR,=0 A

‘ Precast hollow-core slab
Symmetry C3D8R - 25-30.mm
U,=UR,=UR=0

Fig. 11: Finite element model of steel-concrete‘composite cellular slim floor
beams with PCHCS

For the parametric study, a reference model was developed. This
reference model will be used to compare the other models, considering the
variation of parameters, such as*diameter of steel tie bar (¢) considering the
number of bars between the mid-span and supports, thickness of the concrete
topping (t.), the reinforcement rate of the concrete topping (p), the opening
diameter (D,), thickness of the lower flange (t¢,), thickness of the web (t,,),
thickness of the upper flange (tft) and the number of openings (n). The steel
yield (f,) and in-situ concrete (f,;) strengths remained constant, equal to 250
MPa and 30 MPa, respectively. Fig. 12 and Table 6 present the parameters
and models of the parametric study, and the geometric characteristics of the

parametric study are presented in Fig. 13.
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Fig. 12: Parameters of study
Table 6: Parametric study
Model ¢ (mm) t.(mm) D,(mm) tp@mm) ¢, (mm) t,(mm) n (’; %)
Reference 50 130 16 8 12.5 18 0.6
1 2x12.5 50 130 16 8 12.5 18 0.6
2 2x16.0 50 130 16 8 12.5 18 0.6
3 3x12.5 50 130 16 8 12.5 18 0.6
4 3x16.0 50 130 16 8 12.5 18 0.6
5 4x12.5 50 130 16 8 12.5 18 0.6
6 4x16.0 50 130 16 8 12.5 18 0.6
7 50+25 130 16 8 12.5 18 0.6
8 50+50 130 16 8 12.5 18 0.6
9 50 70 16 8 12.5 18 0.6
10 50 100 16 8 12.5 18 0.6
11 50 145 16 8 12.5 18 0.6
12 50 160 16 8 12.5 18 0.6
13 50 130 8.0 8 12.5 18 0.6
14 50 130 12.5 8 12.5 18 0.6
15 50 130 20.0 8 12.5 18 0.6
16 = 50 130 16 6 12.5 18 0.6
17 50 130 16 10 12.5 18 0.6
18 50 130 16 8 8.0 18 0.6
19 50 130 16 8 16.0 18 0.6
20 50 130 16 8 12.5 12 0.6
21 3x12.5 50 130 16 8 12.5 12 0.6
22 3x16.0 50 130 16 8 12.5 12 0.6
23 50 130 16 8 12.5 0.6
24 3x12.5 50 130 16 8 12.5 0.6
25 3x16.0 50 130 16 8 12.5 6 0.6
26 50 130 16 8 12.5 18 0.3
27 50 130 16 8 12.5 18 1.1
28 50 130 16 8 12.5 18 1.7
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Fig. 13" Geometry scheme for parametric study
4, Results-and discussion
4.1,  Steel tie bar
The reference model does not present steel tie bar through the
openings. Although the reference model showed the lowest resistance and

stiffness, all models showed a linear behavior up to a force of 125 kN. From
this stage, a non-linearity of the curve began, which indicated the principle of
yielding of the materials. Fig. 14 illustrates the results, considering the two

(Fig. 14a), three (Fig. 14b) and four (Fig. 14c) reinforcements, respectively.
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(c) Four steel tie bar
Fig. 14: Influence of the steel tie bar

The presence of the steel tie bar favored the increase of the resistance
in relation to the model without the bar. It was observed that the 2x12.5 and
2x16.0 models'showed an increase in the bending resistance of 6.7% and 7.5%,
respectively, in relation to the reference model, without the steel tie bar.
Regarding the models with three bars, an increase of 6.8% and 7.6% was
verified for the 3x12.5 and 3x16.0 models, respectively, in comparison with
the reference model. Finally, for the models with four bars, an increase in the
bending resistance of 7.5% and 8.2% was verified, considering the 3x12.5 and

3x16.0 models, respectively, in relation to the reference model. As a reference,
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the amount of 2 bars with a diameter of 12.5 mm indicated the minimum limit
for application in this type of composite section.

Fig. 15a shows the distribution of von Mises stresses in the steel tie
bars of the 3x12.5 model, where it is possible to see the beginning of
plasticization of the bar close to the support. The stress distribution in the
axial direction of the 3x16.0 model bars (Fig. 15b) indicated significant tensile

stresses in the first two bars, with low stress on the third bar.

Near to support
S, Mises
(Avg: 75%) -

+5.210e+02
+5.000e+02
+4,583e+02
+4.167e+02
+3.750e+02

||

| +2.083e+02 — id-

B 120330107 Near to mid-span
+1.250e+02
+8.333e+01
+4.167e+01
+0.000e+00

(a) Model 3x12:5

Near to support
S, s
(Avg: 75%)
+5.395e+02

+4.
+4.000e+02
+3.000e+02

+2.000e+02 id-
+2.000e+0 Near to mid-span
+1.000e+02

+5.000e+01

+0.000e+00

-3.557e+01

(b) Model 3x16.0
Fig. 15: Steel tie bar; von Mises stresses (in MPa)
4.2. ' Concrete topping thickness
The concrete topping thickness of the reference model is 50 mm.
Increasing the thickness considerably increases the resistance and stiffness
of the composite section, as illustrated in Fig. 16. The models with concrete
topping thickness equal to 75 mm and 100 mm showed an increase in bending

resistance equal to 15.7% and 30.52%, respectively, in compared to the
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reference model. For the models of with 75 mm and 100 mm of thicknesses,
the numerical analysis showed a significant reduction of plastic deformations

in the compressed region and in the area of application of the force.

350

0 40 80 120 160 200
Mid-span vertical deflection (mm)

Fig. 16: Influence of concrete topping thickness
Although with the variation reinforcement rate of concrete topping
there was no significant increase in the bending resistance (less than 1%), the
variation of the reinforcement ratio for cracking control indicated a relevant
contribution to the compressed region and in the region of force application,

as shown in Fig. 17. Therefore, the higher the reinforcement ratio, the smaller

the cracked region in.the concrete topping.

DAMAGEC
(Avg: 75%)
+1.192e+00

6.667e-01
+5.833e-01
+5.000e-01
+4.167e-01
+3.333e-01
+2.500e-01
+1.667e-01

DAMAGEC

(Avg: 75%)
+1.200e+00
+1.000e+00

+8.333e-02 +83330-02
+0.000e+00

+0.000e+00

(a) p =0.3% (b) p =0.6% (Reference model)
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DAMAGEC

(Avg: 75%)
+1.184+00
+1.000e+00
+9.167¢-01
+8.333¢-01

DAMAGEC
(Avg: 75%)
+1.191e+00

+2.500e-01
+1.667e-01
+8.333e-02
+0.000e+00

© p=1.1% (d) p =1.7%
Fig. 17: Influence of reinforcement rate of concrete topping

4.3. Diameter opening

The reference model has an opening diameter of 130 mm. Fig. 18
illustrates the results regarding the opening diameter variation. The results
showed that the smaller the diameter, the greater the resistance of the
structural system. The model with a diameter of 70 mm had an increase in
the bending resistance of 9.5% in compared to the reference model. Regarding
the 130 mm and 145 mm- models, there were no significant differences in
compared to the reference model. On the other hand, for the 160 mm diameter
model, a reduction‘of 32% in the bending resistance was verified. Fig. 19
shows the von Mises stress distribution. It was verified the appearance of
plastic hinges in the web-post. This condition may result from the concrete

crushing in the compressed region with excessive deformation.
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350
300
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& 200

]
8 150 — 70 mm
~ 100 ——100 mm

50 — 145 mm
~———160 mm

0 40 80 120 160 200
Mid-span vertical deflection (mm)

Fig. 18: Influence of diameter opening

S, Mises

(Avg: 75%)
+3.508e+02
+2.292e+02

+2.083e+02
- +1.875e+02

+1.042e+02
+8.333e+01
+6.250e+01
+4.167e+01
+2.083e+01
+0.000e+00

Fig. 19: Model with 160 mm of opening diameter; von Mises stresses (MPa)

4.4. Flanges and web thicknesses

The reference model has a lower flange thickness, and it is equal to 16
mm. Fig 20a illustrates the flexural behavior, regarding the variations of
thicknesses. The reduction in the thickness of the lower flange indicated a
drop in resisntance.andless of stiffness. For the models with 8 mm and 12.5
mm, a reduction of10.4% and 4.4% in the bending resistance, respectively,
was verified, in comparison to the reference model. On the other hand, for the
20 mm model compared to the reference model, a 3.6% of increase in the
bending resistance was observed. The variation in the thickness of the upper
flange (Fig. 20b) did not present a significant influence (less than 2.2%), due
to the strong contribution of the concrete slab to the compressive strength.
Finally, Fig. 20c highlight the variation of the web thickness. This parameter

showed great influence, with significant variation in resistance and stiffness.
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The reference model has a web thickness of 8 mm. The 6 mm thick model
showed a drop of 22% in the bending resistance compared to the reference
model, whose web thickness is 2 mm greater. The reduction of the slope of the
tangent line to the linear branch of the model evidences the decrease in
stiffness. The 10 mm thick model, on the other hand, presented an increase
of 9% in compared to the reference model. The results corroborate the critical
analysis of the parameters related to the web of the cellular profile; indicating
susceptibility to the formation of plastic hinges in the web-post; as one of the

collapse modes.

300 300
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<
S 100
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(c) Influence of web thickness

Fig. 20: Influence of thicknesses
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4.5. Number of openings

The purpose of varying the number of openings was to investigate the
variation in resistance as a function of the number of concrete dowels. The
reference model has 18 openings. The reference model, without steel tie bar
through the openings, presented the lowest values of applied force, with
greater vertical displacement at mid-span (Fig 21a). In addition, the model
with twelve openings, without crossbars, showed an increase of 7.7% in the
bending resistance in compared to the reference model, indicating that the
reduction of shear connectors as a concrete dowel effect was not decisive for
the performance of the model, although it showed lower ductility. For the
model without steel tie bar and six openings, the increase was 13.4%, in
compared to the reference model. The model with 12.5 mm bars (Fig. 21b)
showed a slight reduction in applied force. The model with six openings and
6 crossbars of 16 mm passing through the six openings presented greater
resistance and greater. stiffness (Fig. 21c). In this context, the bending
resistance increase-was 5.4% and 12.7%, considering the models with twelve
and six openings, respectively, in comparison to the reference model. It is
possible to state the significant contribution of the steel tie bar, mainly for
the reduced number of openings, as analysed. For the models with 16.0 mm

bars, the resistance increase was similar to 12.5mm bar models.
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(c) Steel bars 3x16.0

Fig. 21: Influence of the number of openings

Fig. 22 shows the stress distribution in the cellular profile of the model

with six openings, but without steel tie bars, for the maximum applied force.

The stresses in the-cellular profile indicate the yielding of the lower tee

section and the cracking of the concrete, configuring a change in the mode of

failurein relation to the reference model.

S, Mises
(Avg: 75%)
+3.725e+02

+2.083e+02
+1.875e+02
+1.667e+02
+1.458e+02
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+4.167e+01
+2.083e+01
+0.000e+00

(a) von Mises stress in steel cellular beam (in MPa)
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DAMAGET
(Avg: 75%)
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+1.667e-01
+8.333e-02
+0.000e+00

(b) Concrete tensile damage

Fig. 22: Model with six web openings and without steel tie bar
4.6. Position of plastic neutral axis (P.N.A)

Fig. 23 shows some examples of the variation of the P.N:A position
measured in three stages throughout the processing, considering the mid-
span vertical displacement at 10 mm, 50 mm and 100 mm. The stress values
were calculated by linear interpolation of the nodes between the top of the
steel profile and the bottom face of the bottom flange, considering a
discretization of 1,000 points. This discretization is done automatically by the
Abaqus software, through the stress linearization tool.

The results showed that, in the initial phase of loading, the P.N.A was
positioned at the opening of the cellular steel profile. With the beginning of
plasticization, there jis a deviance in the stress distribution, possibly
associated with the localized effect of low stresses in the web-post region at
mid-span, which tends to oscillate between tensile and compressive stresses.
This effect generates a stress drop at web-post, characterizing an area of low
tensile stresses, which particularizes the analysis of the P.N.A position. The
simulations indicated that this is a localized effect in the constant bending
moment region. The transition between the compressive and tensile stresses
occurred close to the top tee, still in the region of the opening of the steel

cellular profile. This characterization of the stress distribution showed that,
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489 for analysis and determination of the resisting moment, the P.N.A closest to

490 the top tee can be considered in the analysis.
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Fig. 23: Plastic neutral axis position
5. Design of steel-concrete composite ultra-shallow floor -beams with
precast hollow-core slab

In this section, the stress block analysis is compared with the finite
element results, considering full interaction, according to the stress profiles
presented previously. The position of the plastic neutral axis (P.N.A) is
estimated according to the theoretical models. The calculation model that is
presented here is based on the works of Tsavdaridis [18] and Huo [35]. It is
important to highlight that the experimental and computational works of
these references were employed for the production of the Steel Construction
Institute (SCID publication titled "Design of composite beams with large web
openings” [69]}

Thus, the plastic bending resistance of composite USFBs is presented,
considering PCHCS. In this context, considering full interaction, the P.N.A
lies on concrete topping passing through the flange (Fig. 24a) or web (Fig.
24b) of the top tee, since the axial resistance of the bottom tee (/Vp) is less than
the sum of the axial resistances of the top tee (V) and the concrete topping

(V). It is important to highlight that the analysis is made in critical section,
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509 that is, the one in the region of constant bending moment that was not filled

510 with concrete.

| 0.85f ybegye
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| 0.85f besrye

c ye bmintﬁfy
. -~
(YC -t~ C)twt fy
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(b) P.N.A lies on web
511 Fig. 24: P.N.A lies on top tee
512 In this scenario, the bending resistance of steel-concrete composite USFBs

513 can be‘calculated, according to Eqgs. (8)-(18) that are presented below:

514 e P.N.A lies on flange:
fcd = fck/l-5 (9)

— (Ab + bminc)fy
0-85fcdbeff + bminfy

Ve (10)
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Ny = bin(ye — C)fy (11)
NC = 085fcdbeffyc (12)
Mpl,Rd = Nf[dg — Zp — OS(yC - C)] + Nc(dg +c— Zy — OSyC) (13)

e P.N.A lies on web:

y, = (Ab - bmintft + Clie + tfttwt)fy (14)
¢ 0-85fcdbeff + twtfy

N¢ = bimintsefy (15)
Nw = (yc - tft - C)twtfy (16)
Nc = 0-85fcdbeffyc (17)

My ra = Np(dy — 2, — 0.5t,) + Ny [dy — 2 — te — 0.5(yo—'c —
(18)
tft)]+NC(dg -z — 0.5yc)

Fig. 25 presents the numerical results in comparison with the
theoretical model. As illustrated, the mean, standard deviation and variance
of the Mre My raratio were equal to 1.40, 12.80% and 1.64%. This means that
the theoretical model underestimates the resistance of USFBs with PCHCS.
This is explained herein based on the section considered for the calculation of
the bending resistance. The section used for the stress block method is located
at mid-span (region of maximum bending moment) and there was no filling
concrete in the PCHCS, as shown in Fig. 24. It was verified that for the
studied models, there are only two possible positions for the P.N.A, depending
on the geometric parameters, as well as the materials strength: P.N.A lies on
flange or web. This implies that even if the filling concrete was considered,

this resistance would be disregarded, since all the concrete below of P.N.A

would be in tension.
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Fig. 25: Finite element vs. theorical

Concludings remarks

The present paper aimed to study the flexural behavior of steel-
concrete composite cellular slim floor, considering the precast hollow-core
slab. A finite element model was /developed to predict the resistance of this
structural system. The validation study was based on tests of steel-concrete
composite slim floors.~A parametric study was developed, varying the
geometric and physiecal characteristics of the models. It was concluded:

1. The reference model, without the steel tie bar, had the lowest
resistance and stiffness. The other models with crossbars showed
higher values of resistance with slight variation in the values of applied
force and vertical displacement, indicating limitations in the
contribution of the steel tie bar. Models with greater diameter and
quantity of steel tie bars showed greater resistance, but the

contribution was insignificant. As a reference, the amount of two bars
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with a diameter of 12.5 mm is indicated as the minimum limit for
application in this type of composite section.

Increasing the thickness of the concrete topping increased the
resistance and stiffness of the composite section. The variation of the
reinforcement ratio for cracking control showed a very slight influence
on the resistance but indicated a relevant contribution in the cracking
control.

In Huo and D’Mello [37] was verified, considering pushoutitests, that
the shear connection resistance increased with. increase of the web
opening diameter and concrete strength. However, in the present work,
considering the flexural behavior, the results indicated that an
increase in the diameter of the openings, and the consequent increase
of the area of the concrete dowel, does not increase the resistance of the
USFBs. The model with anjopening of 160 mm showed a reduction of
more than 32% of the applied force in relation to the reference model.
The stress and damage analyses provided evidence that the first failure
mode of the reference model was the concrete crushing, followed by
yielding of the cellular beam in the region of the supports.

The reduction in the thickness of the lower flange indicated a drop in
resistance and a loss of stiffness. The variation in the thickness of the
upper flange did not present a considerable influence, due to the strong
contribution of the concrete slab to the compressive strength.

The theoretical model underestimated the resistance of ultra-shallow

floor beams with precast hollow-core slab. In this context, further
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investigations are necessary, mainly for the study of concrete
encasement and its contribution on bearing capacity.
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