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Introduction

Åto collect and analyse existing reliability verification procedures for composite beams

Åto analyse laboratory test results with the identification of failure modes

Åto develop and calibrate numerical models based on test results

Åto validate deterministically and probabilistically analytical models

Åto develop a reliable design procedure for the analysed system

Objectives

Hypothesis

H1: The application of built-up cold-formed steel beams in a composite structure with

reinforced concrete slab can replace hot-rolled steel beams with reduced steel consumption

H2: Spot welds and demountable shear connectors will provide a reliable connection between

elements of the system.
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Introduction

nonlinear numerical

models of composite floor 
systems

the identification and
characterisation of local and 

global failure mechanisms of the 
composite floor system

the development of analytical 
design procedures for the 

composite floor system subjected
to bending moments and shear 

forces

the determination of statistical 
parameters for basic variables on 

the resistance side of the 
composite floor system

the evaluation of analytical design 
procedures using probabilistic 

methods

EXPECTED 

SCIENTIFIC 

CONTRIBUTIONS
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Introduction

Research methods

analytical methods

experimental methods

numerical methods

probabilistic methods
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State of the art

Shear connection

1) Welded shear connectors

- impossible to dismantle, 

modify, or recycle the 

structure's components 

- complicate the reuse, 

replacement, or repair of 

parts

2) Demountable shear connectors

http://www.grad.unizg.hr/lwtfloor
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State of the art

Web openings

- reduce the cross-sectional 

area

- affecting bending capacity, 

shear capacity, and local 

stability
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State of the art

Advantages of composite steel-concrete systems
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Analysis of laboratory research results

BASE MATERIAL

STEEL 

SHEETS

Å grade: DX51; S 350 GD

Å thickness: 0.8 mm

1.0 mm

1.25 mm

1.5 mm

2.0 mm

2.5 mm

3.0 mm

BOLTS

Å quality: 8.8

Å diameter: 

12 mm (M12)

16 mm (M16)

REINFORCEMENT 

MESH AND BARS
CONCRETE 

CYLINDERS

Å bars: Ø8 mm

Å mesh: Ø10 mm
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Analysis of laboratory research results

SPOT WELD CHARACTERISTICS
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Analysis of laboratory research results

LWT-FLOOR SYSTEM

870 mm

150 mm

50 mm

1
2

0
 

m
m

6
0

 m
m

240 mm

60 mm 45°

Overall height [mm] Channel thickness [mm] CW thickness [mm] SP thickness [mm]

B1 400 2.5 1.0 1.0

B2 500 2.0 1.0 1.0

B3WO 400 3.0 1.5 1.5
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Analysis of laboratory research results

LWT-FLOOR SYSTEM
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Analysis of laboratory research results

LWT-FLOOR SYSTEM

STEEL BEAM
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Analysis of laboratory research results

LWT-FLOOR SYSTEM

STEEL BEAM, SB1 STEEL BEAM, SB2 STEEL BEAM, SB3
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Analysis of laboratory research results

LWT-FLOOR SYSTEM

STEEL BEAM, SB1 STEEL BEAM, SB2 STEEL BEAM, SB3

- local buckling failure of CS

- lateral deflection - CS 

buckling

- SP buckling

- local buckling of

CFS beam under

load application

points

- SW failure
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Analysis of laboratory research results

LWT-FLOOR SYSTEM

COMPOSITE BEAM
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Analysis of laboratory research results

LWT-FLOOR SYSTEM

COMPOSITE BEAM, CB1 COMPOSITE BEAM, CB2 COMPOSITE BEAM, CB3
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Analysis of laboratory research results

LWT-FLOOR SYSTEM

COMPOSITE BEAM, CB1 COMPOSITE BEAM, CB2 COMPOSITE BEAM, CB3
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Development and calibration of numerical models

STEEL PARTS CONCRETE CYLINDERS
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Development and calibration of numerical models

GEOMETRIC IMPERFECTIONS

Measured deviation [mm] Considered value in FEM [mm]

SB1 1.905 2.0

SB2 3.705 4.0

SB3 3.543 4.0

CB1 5.728 6.0

CB2 4.143 5.0

CB3 5.355 6.0

Measured and considered 

values of deviations

http://www.grad.unizg.hr/lwtfloor
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embedded

part of shear

connectors

Development and calibration of numerical models

GEOMETRIC IMPERFECTIONS

STEEL PARTS

CONNECTED ELEMENTS CB1 CB2 CB3

A1 C-CW 1.0-2.5 1.0-2.0 1.5-3.0

A2 C-CW-SP 2.5-1.0-1.0 2.0-1.0-1.0 3.0-1.5-1.5

A3 C-SP 1.0-2.5 1.0-2.0 1.5-3.0

A4 SP-CW 1.0-1.0 1.0-1.0 1.5-1.5

Combinations of spot welds in composite beams

SHEAR CONNECTION

http://www.grad.unizg.hr/lwtfloor
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Development and calibration of numerical models

CONVERGENCE STUDY

MESH SIZE

15 mm
30 mm

60 mm

2 mm 5 mm 10 mm

10 mm 15 mm 20 mm
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Development and calibration of numerical models

CONVERGENCE STUDY

MASS SCALING FACTOR ï ENERGY CHECK

ratio between kinetic 

energy and internal 

energy should be in the 

range of 5% - 10% 

The purpose - defining the self-weight can 

cause energy disorder at the start of the 

analysis, but it doesn't lead to dynamic 

effects, as evidenced by the similar shape 

of the curve for both models 

b) model without applied self-weighta) model with applied self-weight
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Development and calibration of numerical models

CONVERGENCE STUDY

NAME
Ultimate load [kN] Ratio

EXP FEM EXP/FEM

CB1 266 272 0.98

6ɻ [mm] Ratio 7ɻ [mm] Ratio

EXP FEM EXP/FEM EXP FEM EXP/FEM

CB1 3.95 3.51 1.13 4.47 5.68 0.79

Comparison of the concrete slab slip

COMPOSITE BEAMïCB1

http://www.grad.unizg.hr/lwtfloor
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Development and calibration of numerical models

CONVERGENCE STUDY

Comparison of the concrete slab slip

COMPOSITE BEAMïCB2

NAME
Ultimate load [kN] Ratio

EXP FEM EXP/FEM

CB2 302 315 0.96

6ɻ [mm] Ratio 7ɻ [mm] Ratio

EXP FEM EXP/FEM EXP FEM EXP/FEM

CB2 1.45 1.50 0.97 1.25 1.85 0.68
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Development and calibration of numerical models

CONVERGENCE STUDY

Comparison of the concrete slab slip

COMPOSITE BEAMïCB3

NAME
Ultimate load [kN] Ratio

EXP FEM EXP/FEM

CB3 164 189 0.87

6ɻ [mm] Ratio 7ɻ [mm] Ratio

EXP FEM EXP/FEM EXP FEM EXP/FEM

CB3 4.87 4.99 0.98 2.91 4.51 0.65
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Development and calibration of numerical models

SENSITIVITY ANALYSIS
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Parametric numerical study

PARAMETRIC NUMERICAL STUDY

Group 1: Influence of Steel Sheet thickness

Influence of different channel thickness

Influence of different corrugated web thickness

Influence of different shear plate thickness

Group 2: Influence of spot weld density

Group 3: Influence of degree of shear connection

Group 4: Influence of Larger Spans

Group 5: Influence of Different Shapes of Corrugated Web Openings
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Parametric numerical study

PARAMETRIC NUMERICAL STUDY

Nomenclature

6m_400_C120/3.0_CW1.0_SP1.0_M12_PAIRS_WOC_5SW

shear plate thickness=1.0 mm

corrugated web thickness=1.0 mm

channel profile height of 120 mm and thickness of 3.0 mm
steel beam height = 400 mm

beam length = 6 m

additional information about model:

- shear connection achieved by 

bolts M12 positioned in pairs

- circular shape of web openings

- channel profiles connected to 

other steel elements by five 

spot welds in the cross-section
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Parametric numerical study

Group 1: Influence of Steel Sheet thickness

Influence of different channel thickness
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6m_beff1500_500_C120/2.0_CW1.0_SP1.0_M12_PAIRS

6m_beff1500_500_C120/1.5_CW1.0_SP1.0_M12_PAIRS
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Influence of steel 

sheet thickness ï 

steel beam 

height 400 mm, 

span 6 m

Influence of steel 

sheet thickness ï 

steel beam height 

500 mm, span 6 m
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Parametric numerical study

Group 1: Influence of Steel Sheet thickness

Influence of different channel thickness
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Influence of corrugated web thickness ï steel beam 

height 400 mm, span 6 m - channel profiles of 2.0 mm

Influence of corrugated web thickness ï steel beam 

height 400 mm, span 6 m - channel profiles of 3.0 mm
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Parametric numerical study

Group 1: Influence of Steel Sheet thickness

Influence of different channel thickness

Influence of corrugated web thickness ï steel beam 

height 500 mm, span 6 m - channel profiles of 1.5 mm

Influence of corrugated web thickness ï steel beam 

height 500 mm, span 6 m - channel profiles of 3.0 
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Parametric numerical study

PARAMETRIC NUMERICAL STUDY

Group 2: Influence of spot weld density

span 9 m, concrete slab 

effective width 2250 mm

span 12 m, concrete slab 

effective width 1500 mm
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no difference in bending capacity for 

different numbers of spot welds (3 

or 5)

the smaller difference occurs in 

models with greater shear plate 

thickness due to the increased 

resistance of spot welds
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Parametric numerical study

PARAMETRIC NUMERICAL STUDY

Group 3: Influence of degree of shear connection

steel beam height = 400 mm

steel beam height = 500 mm
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Parametric numerical study

PARAMETRIC NUMERICAL STUDY

Group 4: Influence of Larger Spans
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Parametric numerical study

Group 4: Influence of Larger Spans

Influence of different shear plate thickness on 12 m long span
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Influence of different corrugated web thickness on 9 m long span
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Parametric numerical study

Group 5: Influence of Different Shapes of Corrugated Web Openings
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Parametric numerical study

Group 5: Influence of Different Shapes of Corrugated Web Openings
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Overview of analysed analytical methods
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Bending resistance
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y2

Experiment - Mexp,a 

[kNm]

Analytical ï 

Mpl,a [kNm]
Mpl,a/Mexp,a

SB1 90.85 121.03 133%

SB2 79.12 117.6 149%

SB3 87.86 140.34 160%

Bending resistance of steel beamïPlastic resistance EN 1993-1-1 
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Bending resistance

Bending resistance of steel beamïElastic resistance EN 1993-1-1 / EN 1993-1-3

gross sectional properties 
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Experiment, 

Mexp,a [kNm]

Analytical ï 

Mel,a [kNm]
Mel,a/Mexp,a

Analytical ï 

Mel,a,red [kNm]
Mel,a,red /Mexp,a

SB1 90.85 97.83 108% 87.57 96%

SB2 79.12 91.74 116% 87.36 110%

SB3 87.86 109.35 124% 106.16 121%
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Bending resistance

Bending resistance of a composite beam ï Plastic resistance
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- full degree of shear connection 

- the neutral axis positioned in the concrete slab

Aa [mm2] ha [mm] h [mm] xpl [mm]
Mpl,full 

[kNm]

CB1 600 120 400 43.9 234.88

CB2 455 120 500 33.3 211.28

CB3 716 120 400 52.4 277.56
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