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Abstract  12 

This paper aims to predict the flexural behavior of steel-concrete composite ultra-shallow 13 

floor beams (USFBs) with precast hollow-core slab (PCHCS). A finite element model based 14 

on tests is developed. A parametric study is conducted, and the influence of the geometric 15 

parameters is discussed. The finite element results were compared with stress block analysis. 16 

It was concluded that the modeling with two symmetry planes offered better computational 17 

cost, and the flexural behavior of steel concrete USFBs was sensitive to dilation angles. From 18 

the parametric study, the models without steel tie bar through the web openings showed 19 

lower bearing capacity. The variation of the reinforcement ratio of the concrete topping 20 

contributed to the cracking control. The plastic neutral axis position was measured, 21 

considering the mid-span vertical displacement at 10 mm, 50 mm and 100 mm. From the 22 

stress distribution it was observed that to define the resisting moment, the P.N.A. closest to 23 

the top tee can be considered. The theoretical model underestimated the resistance of USFBs 24 

with PCHCS. 25 
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Notation 33 

The following notations and symbols are used in this paper: 34 

 ௕ the area of bottom teeܣ

bf the flange width 

ܾ௘௙௙ the effective slab width 

ܾ௠௜௡ the width of the upper flange 

ܿ the depth of concrete topping 
above the upper flange 

 ௢ the opening diameterܦ

݀௚ the total depth of cellular steel 
beam 

௖݂ௗ the design value of concrete 
compressive strength 

௖݂௞ the characteristic 
compressive cylinder strength of 
concrete 

௖݂௠ the mean value of concrete 
cylinder compressive strength 

௖݂௧௠ the mean value of axial tensile 
strength of concrete 

fy the yield strength of the steel 

fu the tensile strength of the 
steel  

 the span ܮ

 ௣௟ǡோௗ the bending resistance ofܯ
USFB 

௖ܰ the compressive resistance of 
the concrete slab 

௙ܰ the tensile resistance of the 
upper flange of cellular steel beam 

ܰ௪ the tensile resistance of the 
upper tee web 

݊ the number of openings 

 ௖ the thickness of the concreteݐ
topping 

 ௙௕ the thickness of the lowerݐ
flange 

 ௙௧ the thickness of the upperݐ
flange 

 ௪ the thickness of the webݐ

 ௖ the depth of P.N.Aݕ

 ௕ the depth of elastic neutralݖ
axis 

 the reinforcement rate of the ߩ
concrete topping 

߮ the diameter of steel tie bar 

 35 

 36 

 37 

 38 

 39 
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1. Introduction 40 

Steel-concrete composite structures are widely used in AEC projects 41 

and offer solutions with high structural efficiency and economic viability for 42 

both multi-story buildings and bridges. The strength of the materials and the 43 

possibility of industrialization of the structural components are factors that 44 

favor the use of steel-concrete composite systems, creating solutions for 45 

various applications in structural engineering. However, some disadvantages 46 

in using the conventional steel-concrete composite beam (i.e., downstand 47 

composite beam) have been described by several references, such as: the need 48 

for heavier steel profiles with the increase in span, maximizing costs, and the 49 

increased of the floor height, mainly for carrying out service installations 50 

(hydraulic and electrical) [1²3]. In this scenario, for the replacement of that 51 

downstand composite beam, slim-floors1 beams and ultra-shallow floor 52 

beams2 have been developed. 53 

In Derkowski and Surma [4] was described that the steel-concrete 54 

composite slim-floor had its most intense development in the northern 55 

European countries, mainly in Sweden. In that scenario, the researchers from 56 

the Swedish Institute of Steel Construction, with the aim of reducing the total 57 

height of the floor, made a steel profile with an asymmetric section, the lower 58 

flange heavier than the upper flange, for placing the concrete slab on top of 59 

the lower flange [5]. Lu and Mäkeläinen [6] reported the application of this 60 

constructive system in public, commercial and hospital buildings in 61 

 
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 62 

in the following years, contributing significantly to the increase in the number 63 

of steel buildings, from 5% of application in projects from commercial 64 

buildings in the early 1980s to 50% nationally, and 80% in the Stockholm 65 

region by the end of the decade. The growing use in the Nordic countries 66 

(Sweden, Finland, Denmark, Norway and Iceland) and the improvement of 67 

the slim-floor system led to the spread across the European continent, 68 

attracting the interest of researchers and British investors from British Steel 69 

[7]. In Ahmed and Tsavdaridis [3] the advances of steel-concrete composite 70 

floors were presented considering different types of floor systems. The 71 

authors presented different typologies of steel-concrete composite floors, i.e., 72 

slim-floor beams and ultra-shallow floor beams (USFBs). The main difference 73 

between these steel-concrete composite flooring systems is that the former 74 

does not have periodical circular web openings, like the latter. Another 75 

important difference concerns the interaction between steel and concrete. In 76 

the slim-floor system, the interaction between the concrete slab and the steel 77 

profile is made by mechanical devices, such as headed studs shear connectors. 78 

As for the USFB, such interaction is made by concrete dowels with steel tie 79 

bar through the web openings.  80 

Steel-concrete composite USFBs are systems in which the concrete slab 81 

is positioned at the bottom flange of an asymmetric steel cellular profile, and 82 

it is made with some connection mechanism responsible for promoting the 83 

bond behaviour between the steel and concrete materials. Cellular beams are 84 

characterized by the presence of periodical circular web openings created by 85 



5 
 

 

the castellation process ² a thermal cutting and welding procedures. The 86 

increase in flexural stiffness due to expansion of the cross-section height as 87 

well as the periodical web openings that favor the integration of services can 88 

be highligthed as the key advantages [8²17]. According to Tsavdaridis [18], 89 

the use of steel cellular beams can reduce the initial cost of construction by 90 

25% to 30%, reducing the own weight by up to 30% and resulting in savings 91 

that can reach 10% of the cost of the structure. Advantages can be highlighted 92 

regarding the use of USFBs, such as reducing the floor height (Fig. 1), 93 

overcoming large spans, reducing local instabilities since the concrete slab 94 

restricts displacements along the steel profile, protection against fire and 95 

corrosion, fast execution since there is no need for shoring (propping) [19²21]. 96 

As the top flange of the steel section acts in conjunction with the concrete 97 

slab, the bottom flange is composed of a heavier section, resulting in an 98 

increase of the flexural and shear resistances. Generally, the ratio between 99 

the bottom and top flange areas varies between 1.5 and 2.5 [22] while UB 100 

sections are used for the top tee sections and UC are used for the bottom tee 101 

sections.  102 

 

(a) With profiled steel decking [23] 



6 
 

 

 

(b) With precast hollow-core slabs [23] 

Fig. 1: Steel-concrete composite USFB 103 

In the last decades, precast concrete hollow-core slabs (PCHCS) have 104 

been widely used as an alternative solution to solid and composite slabs with 105 

embedded steel formwork [3,24]. The use of PCHCS offers advantages such 106 

as the possibility of overcoming large spans, speed, and reduction in 107 

construction costs due to their prefabricated nature [25²28]. Pajari and 108 

Koukkari [29] described that a structural element, such as the steel profiles 109 

that support hollow core slabs, is considered flexible if the shear strength of 110 

the slabs is reduced due to deflection. These deflections cause relative slip 111 

between the hollow core units and the steel profile. Pajari [30] stated that the 112 

connection and friction between the ends of the slab and the beam tend to 113 

prevent slippage, resulting in transverse stresses and deformations. 114 

According to Hegger et al. [31], it is necessary to decrease the design shear 115 

strength of PCHCS on flexible supports. The publication SCI P401 [32] 116 

reports that the resistance of PCHCS on flexible supports, which are those 117 

(i.e., bottom flange of the steel beam) that undergo deflection, thus increasing 118 

the deformations in the PCHCS, can be improved by filling the cores with in-119 

situ concrete, or by placing concrete topping over the PCHCS units. The in-120 

situ concrete topping provides resistance and uniform finishing. Usually, in-121 
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situ concrete topping is 40 to 100 mm of thickness, strength ranges from 25 122 

to 40 MPa, and a small amount of reinforcement to control shrinkage [26,33]. 123 

Girhammar and Pajari [34] showed that the concrete topping can be used to 124 

improve the shear capacity of hollow core slabs. Derkowski and Surma [4] 125 

highlighted that concrete topping not only increased the shear capacity, but 126 

also had a positive effect on the stiffness of the steel-concrete composite slim-127 

floor with PCHCS. 128 

In the present study, only the steel-concrete composite USFBs are 129 

considered, as shown in Fig. 1, as USFB is one of the lease developed and 130 

used in practice systems. It is worth noting that studies of composite USFBs 131 

began in the 2010s, and the first investigations were carried out at the City, 132 

University of London by Tsavdaridis [18] and Huo [35] in collaboration with 133 

Westok (Kloeckner Metals, UK). It is important to note that the studies cited 134 

here worked only with in-situ concrete. In Tsavdaridis et al. [36] five four-135 

point bending tests were performed. The reference specimen, unlike the 136 

others, was not provided with in-situ concrete filling. The authors verified 137 

that the concrete filling inhibited the local buckling of the steel cellular 138 

SURILOH��WKXV�LQFUHDVLQJ�WKH�UHVLVWDQFH��+XR�DQG�'·0HOOR�[37,38] assessed the 139 

shear transfer mechanisms between steel and concrete by tests. In these 140 

studies, the authors predicted the shear resistance of USFB by concrete 141 

dowels. The flexural test results showed that the failure mode was a function 142 

of the concrete dowel rupture, and the stiffness of the steel-concrete composite 143 

USFB in the elastic branch was not influenced by the longitudinal shear 144 

resistant mechanism. Braun et al. [39] studied composite USFB with small 145 
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openings carrying out tests and finite element analyses. The authors showed 146 

that the shear resistance of concrete dowel was efficient, increasing the 147 

bearing capacity of this flooring system. In Chen et al. [21], flexural tests were 148 

presented. The results indicated that the models with asymmetrical steel 149 

profile presented higher bearing capacity and ductility, and the failure was 150 

characterized by concrete crushing. Limazie and Chen [40] developed a finite 151 

element model to perform a parametric study. In this study, the concrete slab 152 

effective width, the concrete topping and the dimensions of the steel cellular 153 

profile were investigated. The author concluded that the concrete slab width 154 

had no considerable influence on the degree of composite action, the greater 155 

the height of the concrete topping, the greater the bearing capacity, and 156 

finally as the opening diameter increased, the resistance of USFBs decreased. 157 

Subsequently, Limazie and Chen [20] presented an analytical model to 158 

predict the shear resistance. It is composed of three portions of resistance: the 159 

concrete in compression, the concrete in tension and the steel tie bar through 160 

the web opening of the cellular profile. In Ryu et al. [41], the shear transfer 161 

mechanism was studied considering the concrete slab composed with biaxial 162 

hollow-ball and glass fiber-reinforced plastic plates (GFRP). The authors 163 

showed the increase of shear resistance due to the contribution of the GFRPs. 164 

At last, in Dai et al. [42], a parametric study employing finite element 165 

analyses was presented. The authors verified the increase in the shear 166 

resistance in the steel-concrete interface as a function of the increase in the 167 

diameter of the concrete dowel. In De O. Ferrante et al. [43] a proposed steel-168 

concrete composite floor system, which was formed by partially-encased 169 
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asymmetrical steel profile with periodical rectangular web openings, was 170 

investigated by tests. The experimental results agreed with the theorical 171 

analyses predicted by the authors. In Alam et al. [44], the behavior of steel-172 

concrete slim-floor systems was investigated in fire situations. According to 173 

the authors, the current fire design guidance used for slim-floor beams was 174 

highly conservative, in compared with tests results. Kyriakopoulos et al. [45] 175 

presented tests and numerical results of the flexural behavior of shallow floor 176 

composite beams known as a Deltabeam. In this case, the composite system 177 

is formed by steel boxed section with circular web openings. The authors 178 

highlighted that ductility depend not only on the steel profile, but also on the 179 

ability of the concrete section to resist large strains.  180 

From the current literature, the studies of steel-concrete composite 181 

USFBs with PCHCS are scarce. The present paper aims to investigate the 182 

flexural behavior of steel-concrete composite USFB with PCHCS. For this, a 183 

finite element model is developed based on tests. In the validation study, the 184 

influence of the friction coefficient on the steel-concrete interface is analysed. 185 

The dilation angle that establishes the constitutive model of concrete is 186 

assessed. Two types of symmetry are investigated in order to reduce the 187 

computational cost. After the validation step, a parametric study is carried 188 

out to verify the influence of the geometric parameters. Finally, the results 189 

are discussed considering each parameter evaluated. 190 

2. Finite element model 191 

This section describes the methodology applied to the development of 192 

the finite element model via ABAQUS software [46]. Non-linear geometric 193 
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analysis is considered (General Static). The load is applied by automatic 194 

increments with a minimum tolerance for convergence of 10-5 of the applied 195 

external force. 196 

2.1. Tests 197 

There are no tests of steel-concrete composite USFBs with PCHCS in 198 

the literature. Thus the finite element model is developed based on three 199 

tests: two of USFBs with in-situ concrete, and another with slim-floor beam 200 

with PCHCS. The latter is valid because it is a floor system similar to USFBs. 201 

In this context, tests performed by Chen et al. [21], Dai et al. [42] and Souza 202 

[47] are considered for the validation study. The geometric characteristics of 203 

the tests are shown in Fig. 2.  204 

 

(a) Section [21] 

 

(b) Lateral view [21] 
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(c) Section [42] 

 

(d) Lateral view [42] 

 

(e) Section [47] 

 

(f) Lateral view [47] 

Fig. 2: Geometric characteristics of the tests  205 
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2.2. Constitutive models 206 

2.2.1. Concrete 207 

The Concrete Damage Plasticity (CDP) [48²50], which allows 208 

characterizing the mechanical behavior of concrete both in compression and 209 

in tension, is used to simulate the concrete. CDP model can represent the 210 

plasticization of concrete from continuous damage assuming that the main 211 

failure modes are cracking and crushing. The main parameters needed to 212 

define the CDP model are dilation angle (߰), eccentricity (߳), biaxial stress 213 

ratio ሺߪ௕଴ Τ  Except for the dilation 214 .(ߤ) and viscosity (௖ܭ) ௖଴), shape factorߪ

angle, the other parameters were considered as standard [46]. There is no 215 

consensus among the scientific community regarding the range of values for 216 

the dilation angle, as this parameter may represent a condition equivalent to 217 

the specific ductility of the concrete structure to be modeled. Rewers [51] 218 

concluded that the models became more representative when the dilation 219 

angle was greater than 25°. Behnam et al [52] recommended values between 220 

38° and 42°. Nguyen et al [36]  verified that the increase in the dilation angle 221 

increased the resistance of the PCHCS, indicating satisfactory results for an 222 

angle equal to 28º. Qureshi et al. [54], Genikomsou and Polak [55] and Earij 223 

et al. [56] used a dilation angle equal to 40º. In a study with steel-concrete 224 

composite sections, Katwal et al. [57] obtained satisfactory results for the 225 

value of 30º. As shown, the dilation angle must be calibrated as a function of 226 

the structural behavior of the element to be represented. In the present study, 227 

the dilation angles are defined by means of a sensitivity study. 228 
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The stress-strain relationship of concrete under compression described 229 

by Eq. (1) is built from the formulations and parameters proposed by EC2 230 

[58], where ߟ ൌ ௖ߝ ௖ଵΤߝ  and ݇ ൌ ͳǤͲͷ ή ௖௠ܧ ή ȁߝ௖ଵȁ ௖݂௠Τ . The continuity of the 231 

stress-strain beyond the ultimate deformation is established using the 232 

equations and parameters of Xu et al. [59] and Pavlovíc et al. [60]. Eqs. (2-3) 233 

represent the concrete in the descending branch. In these equations the 234 

parameters ߙ௔ and ߙௗ are defined from the characteristic compressive 235 

strength of concrete ( ௖݂௞). 236 

௖ߪ ൌ ௖݂௠ ή
݇ ή ߟ െ ଶߟ

ͳ ൅ ሺ݇ െ ʹሻ ή ߟ
ǡߟ��������� ൑ ௖௨ଵߝ ௖Τߝ  (1) 

௖ߪ ൌ ௖݂௠ ή ሾߙ௔ ή ߟ ൅ ሺ͵ െ ௔ሻߙʹ ή ଶߟ ൅ ሺߙ௔ െ ʹሻ ή ߟ���������ଷሿǡߟ ൑ ͳ (2) 

௖ߪ ൌ ௖݂௠ ή
ߟ

ሾߙௗ ή ሺߟ െ ͳሻଶ ൅ ሿߟ
ǡߟ��������� ൐ ͳ (3) 

For concrete in tension, the stress-strain relationship is calculated from 237 

the equations presented in Xu et al. [59], based on GB-50010-2002 [61] (Eqs. 238 

4-5), where ߟ ൌ ௧ߝ ௧௨Τߝ  ௧௨ is the strain corresponding to the average tensile 239ߝ ,

stress ( ௖݂௧௠).  240 

௧ߪ ൌ ௖݂௧௠ ή ͳǡʹߟ െ Ͳǡʹߟ଺�ǡ ߟ ൑ ͳ (4) 

௧ߪ ൌ ௖݂௧௠ ή
ߟ

௧ߙ ή ሺߟ െ ͳሻଵǡ଻ ൅ ߟ
�� ǡ ߟ ൐ ͳ (5) 

The concrete strengths, which are used in numerical modeling, are 241 

shown in Table 1, according to each reference. The strength values were 242 

calculated according to EC2 recommendations. 243 

 244 

 245 

 246 
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Table 1: Concrete strength 247 

Reference In-situ concrete Precast concrete 
fck (MPa) fcm (MPa) fck (MPa) fcm (MPa) 

[21] 29.1 37.1 - - 
[42] 34.5 42.5 - - 
[47] 28.0 36.0 37.0 45.0 

2.2.2. Steel 248 

The stress-strain relationship of the embedded steel formwork is 249 

assumed to be elastic-perfectly plastic. For the steel mesh, steel tie bar and 250 

steel profile, it is used a bilinear model with isotropic hardening. For the 251 

cellular profile is adopted the relationships and formulations of the studies 252 

by Byfield et al. [62] and Lawson and Saverirajan [9]. The implementation of 253 

the stress-strain relationship of steel must be carried out with the real values 254 

(Eqs. 6-7). The steel strengths are presented in Table 2-4. 255 

ߝ ൌ ��ሺߝ௡௢௠ ൅ ͳሻ (6) 

ߪ ൌ ௡௢௠ߪ ή ሺͳ ൅  ௡௢௠ሻ (7)ߝ

Table 2: Steel strengths used in Chen and Limazie model [21] 256 

 fy (MPa) fu (MPa) E (GPa) 
Top flange 462.9 558.8 188 
Bottom flange 410.5 553.9 185 
Web 462.9 558.7 188 
Steel tie bar (14 mm) 548.3 586.7 210 
Reinforcement (10 mm) 415.0 588.3 210 
Reinforcement (8 mm) 428.3 551.7 210 
Steel sheets (1.5 mm) 280 - 210 

Table 3: Steel strength used in Dai et al. model [42] 257 

 fy (MPa) fu (MPa) E (GPa) 
HEB200 428 519 210 
Bottom plate 455 525 210 
Steel tie bar (16 mm) 500a 650a 210 
Steel mesh A252 485a 500a 210 

Table 4: Steel strength used in Souza model [47] 258 

 fy (MPa) fu (MPa) E (GPa) 
W200x46,1 345 450 200 
Headed stud (19 mm) 330 430 200 
Steel mesh Q138 600 632 210 
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2.3. Interaction 259 

Although there are numerical studies carried out in USFBs, such as 260 

Tsavdaridis et al. [63,64], these studies investigated the shear resistance of 261 

partially encased perforated steel beams. Therefore, in this context, the 262 

present study considers the investigations carried out as a function of flexural 263 

behavior of USFBs, following described. The interaction between the steel 264 

profile and the concrete slab is performed using the surface-to-surface contact 265 

method, considering normal and tangential behavior. A friction coefficient 266 

equal to 0.2 is adopted for the steel-concrete contact [42,65]. Between the 267 

contact surfaces of in-situ and prescast concretes, a friction coefficient equal 268 

to 1.0 is assigned [66,67]. For the contact between the steel sheets and the 269 

cellular beam, a friction coefficient equal to 0.01 is adopted [68]. For the 270 

interactions between the concrete and the steel tie bars of the models, tie 271 

constraint surfaces is used, which links the nodal elements of two surfaces 272 

with different meshes. Embedded region is used between the in-situ concrete 273 

topping and the steel mesh. 274 

2.4. Boundary conditions 275 

As a strategy, in a first step, the symmetry modeling method is applied 276 

to the three reference models, considering symmetry at XY plane. In the 277 

second step, after validation, it is verified the effectiveness of representing 278 

only a quarter of the geometry, that is, two planes of symmetry, XY and YZ 279 

planes. This leads to a considerable reduction in processing time. Fig. 3 280 

illustrates the application of boundary conditions. 281 
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 282 

Fig. 3: Boundary conditions of validation study 283 

2.5. Discretization 284 

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

et al. [42] and Souza [47] are presented in Fig. 4, Fig. 5 and Fig. 6, 286 

respectively. In the modeling of concrete elements, steel profiles, steel tie bar, 287 

and shear connectors, C3D8R elements are used. The reinforcements for 288 

cracking control are modeled with T3D2 elements. For steel-concretes 289 

composite slab, embedded steel formwork is discretized with S4R elements. 290 

 291 

Fig. 4: Discretization for the Chen et al. [21] model 292 

Symmetry
Uz = URx=URy=0

Symmetry
Ux = URy=URz= 0

Load

Support
Ux = Uy = Uz = 0

Concrete slab
C3D8R ± 25-50 mm

Steel tie bar
C3D8R ± 10 mm

Cellular beam
C3D8R ± 25 mm

Actuator
C3D8R ± 25 mm

Steel mesh
T3D2 ± 100 mm

Steel sheets
S4R ± 25 mm
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 293 

Fig. 5: Discretization for the Dai et al. [42] model 294 

 295 

Fig. 6: Discretization for the Souza [47] model 296 

2.6. Validation results 297 

2.6.1. Symmetry  298 

As previously described in section 2.4, a study was carried out to reduce 299 

the computational cost, considering one and two planes of symmetry. Next in 300 

Concrete slab
C3D8R ± 25-50 mm

Actuator
C3D8R ± 25 mm

Steel tie bar
C3D8R ± 10 mm

Cellular beam
C3D8R ± 25 mm

Steel mesh
T3D2 ± 100 mm

Lower plate
C3D8R ± 25 mm

Concrete topping
C3D8R ± 25-50 mm

Actuator
C3D8R ± 25 mm

Steel beam
C3D8R ± 25 mm

Hollow-core unit
C3D8R ± 20-30 mm

Steel mesh
T3D2 ± 100 mm

In-situ concrete
C3D8R ± 25 mm
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Fig. 7, the response is illustrated by load-displacement relationships, 301 

considering as an example the test carried out by Souza [47]. For the same 302 

processor, modeling with only one symmetry plane took approximately 7 303 

hours to complete, while modeling with two symmetry planes took 3 hours. 304 

Thus, as there was no difference in the response between the analyses, the 305 

modeling with two symmetry planes offers better computational cost. 306 

 307 

Fig. 7: Influence of symmetry on boundary conditions 308 

2.6.2. Dilation Angle 309 

Fig. 8 shows the influence of the dilation angle. In general, the greater 310 

the dilation angle, the greater the resistance of the structural system. 311 

However, it is noted that for the model by Chen et al. [21] (Fig. 8a), the value 312 

of 40º was closer to the test result, while the 30º and 20º values were closer to 313 

the models by Dai et al. [42] (Fig. 8b) and Souza [47] (Fig. 8c), respectively. 314 

This last model is modelled with PCHCS. It is important to highlight that in 315 

the study carried out by Nguyen et al. [53], the value of 28º was recommended 316 

for PCHCS. 317 
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(a) Model of Chen et al. [21] 

 

(b) Model of Dai et al. [42] 

 

(c) Model of Souza [47]  

Fig. 8: Influence of dilation angle 318 

2.6.3. Elaborated models 319 

Fig. 9 shows the results by force-displacment relationship. Chen et al. 320 

[21] identified crushing of the concrete in the compressed region of uniform 321 

bending as failure mode (Fig. 10a). The numerical model identified a failure 322 

mode similar to that described by the authors, as shown in Fig. 10b. In 323 

relation to the test performed by Dai et al. [42], few details about the failure 324 

modes were presented. However, the authors described the occurrence of 325 

cracking regions. The numerical model showed the cracking regions (Fig. 326 

10c), and it was also possible to verify that the steel section presented yield 327 
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regions, as shown in Fig. 10d. Finally, during the Souza [47] test longitudinal 328 

cracking was identified in the concrete topping (Fig. 10e), and yielding of the 329 

steel profile (Fig. 10f). Table 5 summarizes the results. 330 

 

(a) Model of Chen et al. [21] 

 

(b) Model of Dai et al. [42] 

 

(c) Model of Souza [47]  

Fig. 9: Final results 331 

 

(a) Test [21] 

 

(b) Numerical model 
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(c) Damage in slab 

 

(d) Steel yielding 

 

(a) Longitudinal crack in concrete 

topping 

 

(b) Steel yielding 

Fig. 10: Final configurations of finite element models 332 

Table 5: Final results 333 

Model Reference Ftest (kN) FFE (kN) Ftest/FFE 
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 334 

With the results presented in the validation study, it is possible to state 335 

that the finite element model was validated. As the steel-concrete composite 336 

cellular slim floor with PCHCS are structures similar to those used in the 337 

validation study, it is possible to develop a numerical model capable of 338 
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predicting the flexural behavior, and consequently, carry out a study to verify 339 

the influence of geometrical parameters. This will be done using the same 340 

boundary conditions applied previously, as shown in Fig. 11. 341 

 342 

Fig. 11: Finite element model of steel-concrete composite cellular slim floor 343 

beams with PCHCS 344 

For the parametric study, a reference model was developed. This 345 

reference model will be used to compare the other models, considering the 346 

variation of parameters, such as: diameter of steel tie bar (߮) considering the 347 

number of bars between the mid-span and supports, thickness of the concrete 348 

topping (ݐ௖), the reinforcement rate of the concrete topping (ߩ), the opening 349 

diameter (ܦ௢), thickness of the lower flange (ݐ௙௕), thickness of the web (ݐ௪), 350 

thickness of the upper flange (ݐ௙௧) and the number of openings (݊). The steel 351 

yield ( ௬݂) and in-situ concrete ( ௖݂௞) strengths remained constant, equal to 250 352 

MPa and 30 MPa, respectively. Fig. 12 and Table 6 present the parameters 353 

and models of the parametric study, and the geometric characteristics of the 354 

parametric study are presented in Fig. 13. 355 

Symmetry
Uz = URx = URy= 0

Support
Ux = Uy = Uz = 0 

Symmetry
Ux = URy=URz= 0

Force

VC216x56
C3D8R ± 25 mm

Concrete topping
C3D8R ± 25-50 mm

Precast hollow-core slab
C3D8R ± 25-30 mm
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 356 

Fig. 12: Parameters of study 357 

Table 6: Parametric study 358 

Model ࣐ (mm) ࢚ࢉ (mm) ࢕ࡰ (mm) ࢚࢈ࢌ (mm) ࢚࢝ (mm) ࢚࢚ࢌ (mm) ࢔ ࣋� 
ሺΨሻ 

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 6 0.6 
24 3x12.5 50 130 16 8 12.5 6 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 

Parameters of study

Diameter of 
steel tie bars 

( )

Concrete 
topping 

thickness (tc)

Opening 
diameter (Do)

Upper flange 
thickness (tft)

Lower flange 
thickness (tfb)

Web 
thickness (tw)

Number of 
openings (n)

Concrete 
topping 

reinforcement 
rate ( )

12.5 mm
16.0 mm

50 mm
75 mm

100 mm

70 mm
100 mm
130 mm

8.0 mm
12.5 mm
16.0 mm

8.0 mm
12.5 mm
16.0 mm
20.0 mm

6.0 mm
8.0 mm

10.0 mm

6
12
18

0.3 %
0.6 %
1.1 %
1.7 %
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(a) Lateral view 

 

(b) Section A-A 

 

(c) Section B-B 

Fig. 13: Geometry scheme for parametric study 359 

4. Results and discussion 360 

4.1.  Steel tie bar 361 

The reference model does not present steel tie bar through the 362 

openings. Although the reference model showed the lowest resistance and 363 

stiffness, all models showed a linear behavior up to a force of 125 kN. From 364 

this stage, a non-linearity of the curve began, which indicated the principle of 365 

yielding of the materials. Fig. 14 illustrates the results, considering the two 366 

(Fig. 14a), three (Fig. 14b) and four (Fig. 14c) reinforcements, respectively.  367 

A

A

B

B
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(a) Two steel tie bar 

 

(b) Three steel tie bar 

 

(c) Four steel tie bar 

Fig. 14: Influence of the steel tie bar 368 

The presence of the steel tie bar favored the increase of the resistance 369 

in relation to the model without the bar. It was observed that the 2x12.5 and 370 

2x16.0 models showed an increase in the bending resistance of 6.7% and 7.5%, 371 

respectively, in relation to the reference model, without the steel tie bar. 372 

Regarding the models with three bars, an increase of 6.8% and 7.6% was 373 

verified for the 3x12.5 and 3x16.0 models, respectively, in comparison with 374 

the reference model. Finally, for the models with four bars, an increase in the 375 

bending resistance of 7.5% and 8.2% was verified, considering the 3x12.5 and 376 

3x16.0 models, respectively, in relation to the reference model. As a reference, 377 
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the amount of 2 bars with a diameter of 12.5 mm indicated the minimum limit 378 

for application in this type of composite section.  379 

Fig. 15a shows the distribution of von Mises stresses in the steel tie 380 

bars of the 3x12.5 model, where it is possible to see the beginning of 381 

plasticization of the bar close to the support. The stress distribution in the 382 

axial direction of the 3x16.0 model bars (Fig. 15b) indicated significant tensile 383 

stresses in the first two bars, with low stress on the third bar. 384 

 

(a) Model 3x12.5 

 

(b) Model 3x16.0 

Fig. 15: Steel tie bar; von Mises stresses (in MPa) 385 

4.2. Concrete topping thickness 386 

The concrete topping thickness of the reference model is 50 mm. 387 

Increasing the thickness considerably increases the resistance and stiffness 388 

of the composite section, as illustrated in Fig. 16. The models with concrete 389 

topping thickness equal to 75 mm and 100 mm showed an increase in bending 390 

resistance equal to 15.7% and 30.52%, respectively, in compared to the 391 

Near to mid-span

Near to support

Near to mid-span

Near to support
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reference model. For the models of with 75 mm and 100 mm of thicknesses, 392 

the numerical analysis showed a significant reduction of plastic deformations 393 

in the compressed region and in the area of application of the force. 394 

 395 

Fig. 16: Influence of concrete topping thickness 396 

Although with the variation reinforcement rate of concrete topping 397 

there was no significant increase in the bending resistance (less than 1%), the 398 

variation of the reinforcement ratio for cracking control indicated a relevant 399 

contribution to the compressed region and in the region of force application, 400 

as shown in Fig. 17. Therefore, the higher the reinforcement ratio, the smaller 401 

the cracked region in the concrete topping. 402 

 

(a) ߩ ൌ0.3% 

 

(b) ߩ ൌ0.6% (Reference model) 
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(c) ߩ ൌ1.1% 

 

(d) ߩ ൌ1.7% 

Fig. 17: Influence of reinforcement rate of concrete topping 403 

4.3. Diameter opening 404 

The reference model has an opening diameter of 130 mm. Fig. 18 405 

illustrates the results regarding the opening diameter variation. The results 406 

showed that the smaller the diameter, the greater the resistance of the 407 

structural system. The model with a diameter of 70 mm had an increase in 408 

the bending resistance of 9.5% in compared to the reference model. Regarding 409 

the 130 mm and 145 mm models, there were no significant differences in 410 

compared to the reference model. On the other hand, for the 160 mm diameter 411 

model, a reduction of 32% in the bending resistance was verified. Fig. 19 412 

shows the von Mises stress distribution. It was verified the appearance of 413 

plastic hinges in the web-post. This condition may result from the concrete 414 

crushing in the compressed region with excessive deformation. 415 
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 416 

Fig. 18: Influence of diameter opening 417 

 418 

Fig. 19: Model with 160 mm of opening diameter; von Mises stresses (MPa)  419 

4.4. Flanges and web thicknesses 420 

The reference model has a lower flange thickness, and it is equal to 16 421 

mm. Fig 20a illustrates the flexural behavior, regarding the variations of 422 

thicknesses. The reduction in the thickness of the lower flange indicated a 423 

drop in resisntance and loss of stiffness. For the models with 8 mm and 12.5 424 

mm, a reduction of 10.4% and 4.4% in the bending resistance, respectively, 425 

was verified, in comparison to the reference model. On the other hand, for the 426 

20 mm model compared to the reference model, a 3.6% of increase in the 427 

bending resistance was observed. The variation in the thickness of the upper 428 

flange (Fig. 20b) did not present a significant influence (less than 2.2%), due 429 

to the strong contribution of the concrete slab to the compressive strength. 430 

Finally, Fig. 20c highlight the variation of the web thickness. This parameter 431 

showed great influence, with significant variation in resistance and stiffness. 432 
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The reference model has a web thickness of 8 mm. The 6 mm thick model 433 

showed a drop of 22% in the bending resistance compared to the reference 434 

model, whose web thickness is 2 mm greater. The reduction of the slope of the 435 

tangent line to the linear branch of the model evidences the decrease in 436 

stiffness. The 10 mm thick model, on the other hand, presented an increase 437 

of 9% in compared to the reference model. The results corroborate the critical 438 

analysis of the parameters related to the web of the cellular profile, indicating 439 

susceptibility to the formation of plastic hinges in the web-post, as one of the 440 

collapse modes. 441 

 

(a) Influence of bottom flange 

thickness 

 

(b) Influence of top flange 

thickness 

 

(c) Influence of web thickness 

Fig. 20: Influence of thicknesses 442 
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4.5. Number of openings 443 

The purpose of varying the number of openings was to investigate the 444 

variation in resistance as a function of the number of concrete dowels. The 445 

reference model has 18 openings. The reference model, without steel tie bar 446 

through the openings, presented the lowest values of applied force, with 447 

greater vertical displacement at mid-span (Fig 21a). In addition, the model 448 

with twelve openings, without crossbars, showed an increase of 7.7% in the 449 

bending resistance in compared to the reference model, indicating that the 450 

reduction of shear connectors as a concrete dowel effect was not decisive for 451 

the performance of the model, although it showed lower ductility. For the 452 

model without steel tie bar and six openings, the increase was 13.4%, in 453 

compared to the reference model. The model with 12.5 mm bars (Fig. 21b) 454 

showed a slight reduction in applied force. The model with six openings and 455 

6 crossbars of 16 mm passing through the six openings presented greater 456 

resistance and greater stiffness (Fig. 21c). In this context, the bending 457 

resistance increase was 5.4% and 12.7%, considering the models with twelve 458 

and six openings, respectively, in comparison to the reference model. It is 459 

possible to state the significant contribution of the steel tie bar, mainly for 460 

the reduced number of openings, as analysed. For the models with 16.0 mm 461 

bars, the resistance increase was similar to 12.5mm bar models. 462 
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(a) Without steel tie bar 

 

(b) Steel bars 3x12.5 

 

(c) Steel bars 3x16.0 

Fig. 21: Influence of the number of openings 463 

Fig. 22 shows the stress distribution in the cellular profile of the model 464 

with six openings, but without steel tie bars, for the maximum applied force. 465 

The stresses in the cellular profile indicate the yielding of the lower tee 466 

section and the cracking of the concrete, configuring a change in the mode of 467 

failure in relation to the reference model.  468 

 

(a) von Mises stress in steel cellular beam (in MPa) 
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(b) Concrete tensile damage 

Fig. 22: Model with six web openings and without steel tie bar 469 

4.6. Position of plastic neutral axis (P.N.A) 470 

Fig. 23 shows some examples of the variation of the P.N.A position 471 

measured in three stages throughout the processing, considering the mid-472 

span vertical displacement at 10 mm, 50 mm and 100 mm. The stress values 473 

were calculated by linear interpolation of the nodes between the top of the 474 

steel profile and the bottom face of the bottom flange, considering a 475 

discretization of 1,000 points. This discretization is done automatically by the 476 

Abaqus software, through the stress linearization tool. 477 

The results showed that, in the initial phase of loading, the P.N.A was 478 

positioned at the opening of the cellular steel profile. With the beginning of 479 

plasticization, there is a deviance in the stress distribution, possibly 480 

associated with the localized effect of low stresses in the web-post region at 481 

mid-span, which tends to oscillate between tensile and compressive stresses. 482 

This effect generates a stress drop at web-post, characterizing an area of low 483 

tensile stresses, which particularizes the analysis of the P.N.A position. The 484 

simulations indicated that this is a localized effect in the constant bending 485 

moment region. The transition between the compressive and tensile stresses 486 

occurred close to the top tee, still in the region of the opening of the steel 487 

cellular profile. This characterization of the stress distribution showed that, 488 
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for analysis and determination of the resisting moment, the P.N.A closest to 489 

the top tee can be considered in the analysis. 490 

 

(a) Reference model 

 

(b) Model 3 

 

(c) Model 9 

 

(d) Model 10 

 

(e) Model 12 

 

(f) Model 13 
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(g) Model 15 

 

(h) Model 19 

Fig. 23: Plastic neutral axis position 491 

5. Design of steel-concrete composite ultra-shallow floor beams with 492 

precast hollow-core slab 493 

In this section, the stress block analysis is compared with the finite 494 

element results, considering full interaction, according to the stress profiles 495 

presented previously. The position of the plastic neutral axis (P.N.A) is 496 

estimated according to the theoretical models. The calculation model that is 497 

presented here is based on the works of Tsavdaridis [18] and Huo [35]. It is 498 

important to highlight that the experimental and computational works of 499 

these references were employed for the production of the Steel Construction 500 

Institute (SCI) publication titled "Design of composite beams with large web 501 

RSHQLQJVµ�[69]. 502 

Thus, the plastic bending resistance of composite USFBs is presented, 503 

considering PCHCS. In this context, considering full interaction, the P.N.A 504 

lies on concrete topping passing through the flange (Fig. 24a) or web (Fig. 505 

24b) of the top tee, since the axial resistance of the bottom tee (Nb) is less than 506 

the sum of the axial resistances of the top tee (Nt) and the concrete topping 507 

(Nc). It is important to highlight that the analysis is made in critical section, 508 
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that is, the one in the region of constant bending moment that was not filled 509 

with concrete.  510 

 

(a) P.N.A lies on flange 

 

(b) P.N.A lies on web  

Fig. 24: P.N.A lies on top tee 511 

In this scenario, the bending resistance of steel-concrete composite USFBs 512 

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

x P.N.A lies on flange: 514 

ܾ௘௙௙ ൌ  ȀͶ (8)ܮ

௖݂ௗ ൌ ௖݂௞ȀͳǤͷ (9) 

௖ݕ ൌ
ሺܣ௕ ൅ ܾ௠௜௡ܿሻ ௬݂

ͲǤͺͷ ௖݂ௗܾ௘௙௙ ൅ ܾ௠௜௡ ௬݂
 (10) 
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௙ܰ ൌ ܾ௠௜௡ሺݕ௖ െ ܿሻ ௬݂ (11) 

௖ܰ ൌ ͲǤͺͷ ௖݂ௗܾ௘௙௙ݕ௖ (12) 

௣௟ǡோௗܯ ൌ ௙ܰൣ݀௚ െ ௕ݖ െ ͲǤͷሺݕ௖ െ ܿሻ൧ ൅ ௖ܰ൫݀௚ ൅ ܿ െ ௕ݖ െ ͲǤͷݕ௖൯ (13) 

x P.N.A lies on web: 515 

௖ݕ ൌ
൫ܣ௕ െ ܾ௠௜௡ݐ௙௧ ൅ ௪௧ݐܿ ൅ ௪௧൯ݐ௙௧ݐ ௬݂

ͲǤͺͷ ௖݂ௗܾ௘௙௙ ൅ ௪௧ݐ ௬݂
 (14) 

௙ܰ ൌ ܾ௠௜௡ݐ௙௧ ௬݂ (15) 

ܰ௪ ൌ ൫ݕ௖ െ ௙௧ݐ െ ܿ൯ݐ௪௧ ௬݂ (16) 

௖ܰ ൌ ͲǤͺͷ ௖݂ௗܾ௘௙௙ݕ௖ (17) 

௣௟ǡோௗܯ ൌ ௙ܰ൫݀௚ െ ௕ݖ െ ͲǤͷݐ௙௧൯ ൅ ܰ௪ൣ݀௚ െ ௕ݖ െ ௙௧ݐ െ ͲǤͷ൫ݕ௖ െ ܿ െ

+௙௧൯൧ݐ ௖ܰ൫݀௚ െ ௕ݖ െ ͲǤͷݕ௖൯ 
(18) 

Fig. 25 presents the numerical results in comparison with the 516 

theoretical model. As illustrated, the mean, standard deviation and variance 517 

of the MFE/Mpl,Rd ratio were equal to 1.40, 12.80% and 1.64%. This means that 518 

the theoretical model underestimates the resistance of USFBs with PCHCS. 519 

This is explained herein based on the section considered for the calculation of 520 

the bending resistance. The section used for the stress block method is located 521 

at mid-span (region of maximum bending moment) and there was no filling 522 

concrete in the PCHCS, as shown in Fig. 24. It was verified that for the 523 

studied models, there are only two possible positions for the P.N.A, depending 524 

on the geometric parameters, as well as the materials strength: P.N.A lies on 525 

flange or web. This implies that even if the filling concrete was considered, 526 

this resistance would be disregarded, since all the concrete below of P.N.A 527 

would be in tension. 528 
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 529 

Fig. 25: Finite element vs. theorical  530 

Concludings remarks 531 

The present paper aimed to study the flexural behavior of steel-532 

concrete composite cellular slim floor, considering the precast hollow-core 533 

slab. A finite element model was developed to predict the resistance of this 534 

structural system. The validation study was based on tests of steel-concrete 535 

composite slim floors. A parametric study was developed, varying the 536 

geometric and physical characteristics of the models. It was concluded: 537 

i. The reference model, without the steel tie bar, had the lowest 538 

resistance and stiffness. The other models with crossbars showed 539 

higher values of resistance with slight variation in the values of applied 540 

force and vertical displacement, indicating limitations in the 541 

contribution of the steel tie bar. Models with greater diameter and 542 

quantity of steel tie bars showed greater resistance, but the 543 

contribution was insignificant. As a reference, the amount of two bars 544 
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with a diameter of 12.5 mm is indicated as the minimum limit for 545 

application in this type of composite section. 546 

ii. Increasing the thickness of the concrete topping increased the 547 

resistance and stiffness of the composite section. The variation of the 548 

reinforcement ratio for cracking control showed a very slight influence 549 

on the resistance but indicated a relevant contribution in the cracking 550 

control.  551 

iii. ,Q�+XR�DQG�'·0HOOR�[37] was verified, considering pushout tests, that 552 

the shear connection resistance increased with increase of the web 553 

opening diameter and concrete strength. However, in the present work, 554 

considering the flexural behavior, the results indicated that an 555 

increase in the diameter of the openings, and the consequent increase 556 

of the area of the concrete dowel, does not increase the resistance of the 557 

USFBs. The model with an opening of 160 mm showed a reduction of 558 

more than 32% of the applied force in relation to the reference model.  559 

iv. The stress and damage analyses provided evidence that the first failure 560 

mode of the reference model was the concrete crushing, followed by 561 

yielding of the cellular beam in the region of the supports.  562 

v. The reduction in the thickness of the lower flange indicated a drop in 563 

resistance and a loss of stiffness. The variation in the thickness of the 564 

upper flange did not present a considerable influence, due to the strong 565 

contribution of the concrete slab to the compressive strength.  566 

vi. The theoretical model underestimated the resistance of ultra-shallow 567 

floor beams with precast hollow-core slab. In this context, further 568 
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investigations are necessary, mainly for the study of concrete 569 

encasement and its contribution on bearing capacity. 570 
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