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Abstract  
A steel-concrete-steel composite (SC) element resembles double skin sandwich composite 

structure in which the concrete core is in-filled between steel skins. Mechanical shear 

connectors connect the skins and they are embedded in concrete. These connectors transfer 

shear forces and have an important role in performance of composite element. SC element is 

prone to different failure modes such as flexural failure, de-bonding between steel plate and 

concrete, and shear failure. There are 3 aims of the thesis to study the effects of geometric and 

material parameters on the failure modes of SC elements via finite element (FE) method. 

 

Six SC beam specimens are used to examine failure modes in this research. The first two 

specimens are configured to a four-point bending test with the intention of obtaining flexural 

failure. The remaining specimens are configured to a three-point bending test with the 

intention to obtain a shear failure. Based on characteristics of the specimens, models are 

created and analysed with the aid of commercial Abaqus/Explicit FE software. A quasi-static 

analysis is accomplished to replicate the experimental behaviour of the specimens. The results 

of experiments and simulations are compared to validate the models. Failure modes in 

experiments and simulations are similar. Specimen may fail due to yielding of the tensile steel 

plate followed by buckling of the compression steel plate or due to vertical shear cracks in the 

concrete followed by yielding of the shear connectors. 

 

According to the parametric study, the failure of SC beam in bending is affected by thickness 

of tensile steel plate as well as stud geometry. Failure of SC beam in shear is affected by stud 

geometric parameters. With increasing tensile plate thickness in bending, the beam fails only 

because of yielding of tensile steel plate. Geometric parameters and position of studs 

significantly affect the end slip between concrete and steel plate in both bending and shear 

failures. Although magnitude of ultimate load is different, the failure modes of SC beams 

considered in this study are not affected by material properties of steel plates in bending and 

material properties of tie bars in shear. 

Keywords: Failure mode, Finite element method, Parametric study, SC beam, Validation 
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As Cross-section area of the steel plate 
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E Modulus of elasticity 

Ecm Elastic modulus of the concrete 

fck Characteristic compressive cylinder strength of concrete 

fcm Mean value of concrete cylinder compressive strength  

fctm Mean value of axial tensile strength of concrete 

fu Ultimate stress 
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Gf  Fracture Energy 
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Mpl,RD Design plastic bending moment resistance strength 

n Ramberg-Osgood constant 

Ncu.Rd Expected compressive strength of concrete at crushing 

PRD Design shear resistance strength of a headed stud 

Rp0.2 Proof strength at 0.2% strain 

stie Spacing between two tie bars 

sstud Spacing between two studs 

tc Compression plate thickness 
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ɗ Shear crack angle 
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1 Introduction  

 

A steel-concrete-steel composite (SC) element (SC beam) illustrated in Figure 1 resembles 

doubleïskin sandwich composite structure in which the concrete is in-filled between outer 

steel skins which act as permanent formwork [1]. The thin steel plates are connected to 

concrete by shear connectors (Stud and Tie bar). Studs are welded on the inner surface of the 

steel plates while tie bars are connecting the steel plates and both are embedded in the 

concrete [2]. The load transfer between these structural elements is significantly influenced by 

the interactions of material interfaces in SC beams. The connectors transfer shear forces in 

vertical as well as in horizontal directions, resist longitudinal slips, and have, therefore, an 

important role in the performance of composite elements. The structural performance of SC 

beams shows superiority over reinforced concrete structures in applications required high 

strength, high ductility, structural integrity, and ability to prevent impact, leakage and 

explosion [3]. 

 

 

Figure 1: Structure of SC beam [4]. 

 

The advantages of SC structures include the elimination of formwork, the elimination of 

reinforcing bars, the ability to support equipment anywhere on the steel plate without any 

anchor attachments, and shift of considerable amount of work from construction sites to 

fabrication shops. SC construction significantly reduces the on-site installation person-hours 

(illustrated in Figure 2). Additionally, the quantity of steel needed for SC structure is 25% 

lesser than in a traditional steel-concrete structure. [5] Because of quicker, efficient, and 
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economic construction processes of SC structure, it can replace reinforced concrete (RC) 

structures in demanding industrial applications or in difficult construction circumstances.  

 

 

Figure 2: Comparison of construction time of SC and RC structures [5] 

 

 

Figure 3: (a) Containment module of AP1000 reactor [5] (b) decking system of offshore 

platforms [6] 

 

Some representative examples of SC structures include foundation of off-shore wind towers, 

transfer beams in high-rise buildings, beams in industrial structures supporting concentrated 
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loads, and composite beams in bridges. In addition, SC structures provide blast resistance 

capability regarding to terrorist attack.[7] Containment module of AP1000 reactor 

(Westinghouse) and ice-resisting wall of oil production platform (Northstar Island, Alaskan 

Beaufort Sea) shown in Figure 3(a) and (b) respectively were made from SC structures.  

 

The concept development of SC structure began during 1970s when Solomon et al. proposed 

an alternative solution of girder and deck for bridge/highway construction.  SC beam was 

designed without mechanical shear connectors. The steel plates were attached to concrete core 

by means of epoxy resin adhesive in this construction. The adhesive acted as a shear transfer 

medium between steel plate and concrete core. This beam behaved in the same manner as RC 

beams [8] without shear reinforcements, exhibited satisfactory bending moment capacity but 

lack of enough shear strength.[9] To improve structural integrity and performance, different 

types of mechanical shear connectors were used since 1980s. Double-skin SC construction 

with headed stud, Bi-steel SC construction with shear bar, and SC construction with J-hook 

connectors, as illustrated in Figure 4(a), (b) and (c) respectively, represent the state-of-the-art 

of SC beam construction [10]. 

 

 

Figure 4: Schematic representation of (a) Double skin SC (b) Bi-steel SC, and (c) SC with J-

hook connectors [10] 

 

In óDouble skinô SC structure, headed studs are welded to the inner side of steel plate and 

terminate within the concrete core. These studs not only develop a tie between the core and 
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the skin but also prevent local buckling of the skin. The first research on the fundamental 

aspects of double-skin SC structure illustrated in Figure 4(a) was carried out by Oduyemi and 

Wright in 1989. [3] 

 

Corus Construction & Industrial Ltd initially developed the concepts of Bi-steel SC structure 

in 1998. Bi-steel SC (illustrated in Figure 4(b)) is another type of SC structure which consists 

of shear bar connectors. In this SC construction, the strength and composite action of the 

structure is improved because of the shear bar connectors embedded in concrete core which 

connect the top and bottom steel plates. The design guidelines for this structure ensure that the 

tensile plate yields before any other type of failure.[11] 

 

Liew et al. [12] proposed a SC structure with J-hook connectors (illustrated in Figure 4(c)) in 

2008. A pair of J-hook is welded to the inner surface of steel plates, interlocked each other 

and embedded in the concrete core. These connectors provide relatively high tensile capacity 

due to confinement by the concrete core and transfer shear force between core and skin. The 

interlocking mechanism of J-hook connectors prevent local buckling phenomena of top steel 

plate, provide cross sectional shear resistance, and retain the structural integrity.[12] 

 

Apart from SC constructions described above, there is also undergoing research on 

connectors, e.g., angle connector, C channel connector, corrugated strip connector. Most of 

the SC studies have been concentrated on the load bearing capacity of SC structure under 

static and dynamic loading. Although design methodologies and design standards of SC 

structures with headed stud and Bi-steel are available in literature, they are usually tightly 

calibrated for a certain failure mode or a few modes and are not endorsed yet in Eurocode 

perspective. This lack of established design and construction guides has led to uncertainty in 

the structural design of SC structures.  

 

Research on the SC structure via finite element method has been carried out since 30 years. 

Shukry (1986), Kumar (2000), and Sohel (2008) did research on SC structure using 

commercial FE software. FE analysis of a SC structure without shear connectors was carried 

out by Shukry (1986). In this research, the FE results indicated a stiffer beam than the test 

results. [13] A series of double skin SC plates were analysed by Kumar (2000). The ultimate 

strength of SC plates obtained from FE analysis was in good agreements with the test results 

but was not able to describe interaction between stud and concrete core. [14] Sohel (2008) 
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carried out FE analysis of a SC structure with J-hook connectors subjected to impact loading. 

The FE model predicted ultimate strength and failure modes similar to the experiments but the 

results were limited to impact tests. [15] 

 

 

1.1 Scope and structure  

 

VTT Technical Research Centre of Finland is actively participating in research activities on 

SC structures. In the first phase, detailed design of SC beams at ambient temperature was 

accomplished based on available literature of SC structure and Eurocodes. Based on the 

design report, experimental analysis of 12 full scale SC beam specimens and push-out test 

were carried out in the second phase. The interpretation of experiment results and parametric 

study of SC beams with the aid of FEM are the aims of the third phase.[4][16][17] The 

objectives of this research are as follow: 

 

a) To formulate and implement a SC beam model  

b) To validate the FE results against experiment results 

c) To study the effects of geometric and material parameters on failure modes of SC 

beam 

 

A fi nite element (FE) software package; Abaqus/Explicit is applied for numerical calculations 

and data analysis. The implementation of SC beam model is based on the Plug-in technique 

proposed by Donnadieu and Fülöp [16] which executes in Abaqus by using Python script and 

Abaqus GUI toolkit. The outcomes of six experiments by Koukkari and Fülöp [17] are used to 

validate the model. The model is also used to find the main geometric and material parameters 

affecting the failure modes of SC beam.  

 

Chapter 2 presents the structure and current design rules for a SC beam applied in VTT. The 

key concepts and fundamental theory behind SC structures presented in this chapter are based 

on the beam theory. In chapter 3, the failure modes of SC structures are discussed. Geometric 

parts, geometric parameters, and material models of the SC beam model are presented in 

chapter 4. Contact modelling, loading, and boundary conditions are also discussed in this 

chapter. Implementation of SC beam model in the commercial Abaqus/Explicit FE software is 
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addressed in chapter 5. The experiment results are summarised in chapter 6. The outcomes of 

FE analysis are compared to experiment results in chapter 7. The effects of geometric and 

materials parameters are discussed in chapter 8. In chapter 9, a set of conclusions is derived 

from the parametric study and recommendations are given for the future work in the same 

area. 
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2 Structure and d esign of SC element  

 

In this chapter, structure and design principles of the SC element used in VTT are discussed. 

Loading is described by shear force and bending moment acting on a cross section of SC 

beam. It is assumed that the top steel plate and concrete core above the neutral axis are under 

compression while the bottom steel plate and concrete core below the neutral axis are under 

tension due to the positive bending moment. Longitudinal shear stress between the interface 

of steel plate and concrete core and vertical shear stress are also developed due to the shear 

force. 

 

 

2.1 Design methodology  

 

The design methodology of a SC beam in VTT is based on the available design specifications 

in Eurocode and on the beam model. The design method involves ultimate limit state design 

of the SC beams and beam columns. The following design standards and design documents 

are primarily used: [4] 

 

a) EN 1990: Eurocode: Basis of structural design 

b) EN 1992-1-1: Design of Concrete Structures, General rules and rules for buildings 

c) EN 1993-1-1: Design of Steel Structures, General rules and rules for buildings 

d) EN 1994-1-1: Design of Composite Steel and Concrete Structures, General rules and rules 

for buildings 

e) The Design Guide for Steel-Concrete-Steel Sandwich Construction "Volume 1: General 

Principles and Rules for Basic Elements" - The Steel Construction Institute 

 

VTT analysed the different SC beam constructions on the basis of the design standards and 

documents listed above. The design of SC beam at VTT was proposed (shown in Figure 5) to 

make use of a top and a bottom steel plate, NELSON headed stud (Appendix III  ) and a shear 

bar embedded in concrete core. [4] 
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Figure 5: (a) Steel frame and (b) after concreting of SC beam [17] 

 

 

2.2  Strength  of SC beam  

 

In the strength analyses of SC beam, the cross-section is simultaneously subject to bending 

moment and shear force. For structural integrity, the beam should satisfy the condition [18] 

 

ὠ

ὠȟ

ὓ

ὓ ȟ
ρȟ (2.1) 

 

where ὠ  is the design shear force, ὓ  is the design bending moment, ὠȟ  is the design 

plastic shear resistance in the absence of moment, and ὓ ȟ  is the design plastic moment 

resistance in the absence of shear. 

 

2.2.1 Moment  resistance  of SC beam  
 

The moment resistance of SC beam is calculated on the basis of plastic approach because it 

has fewer assumptions than the elastic approach. [19] The design plastic moment resistance 

ὓ ȟ  of SC beam is calculated by taking moments about the centre of the compression steel 

plate and is given by [18] 
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ὓ ȟ ὔȟ
Ὤ ὸ

ς
ὔ ȟ

Ὤ

ς

‗

ς
ὼ ὔȟ

Ὤ ὸ

ς
ȟ  (2.2) 

 

where ὔȟ  is the compression force in steel plate, ὔ ȟ   is the nominal compressive force 

in concrete, ὔȟ  is the tension force in steel plate, ὸ is the thickness of the tension steel 

plate, ὸ is the thickness of the compression steel plate, Ὤ is the depth of concrete core, ‗ is a 

coefficient, and x is the plastic neutral axis position. The plastic neutral axis position ὼ can be 

calculated by equating nominal compressive force in concrete ὔ ȟ  ȟ compression force in 

steel plate ὔȟ , and tension force in steel plate ὔȟ . The equations for the different forces 

and plastic neutral axis position are given by [18][20] 

 

ὔ ȟ  

–Ὢ ὦ‗ ὼ

‎
ȟ (2.3) 

ὔȟ  

ὦὸὪ

‎
ȟ (2.4) 

ὔȟ  

ὦὸὪ

‎
ȟ (2.5) 

ὼ
‎

‎

ρ

–‗

Ὢ  ὸ ὸ

Ὢ 
ȟ  (2.6) 

 

where Ὢ  is the characteristics cylinder compressive strength of the concrete, Ὢ  is the yield 

stress of the compression/ tension steel plate, ὦ is the width of the SC section, – is a factor, ‎ 

is a safety factor (‎ ρ in all cases), and ‎ is also a safety factor (‎ ρ). 

 

2.2.2 Shear resistance strength of SC beam 
 

The shear force causes longitudinal and transverse shear stress components in SC beam. Shear 

stress can lead to the failure of shear connectors during the transfer of longitudinal forces 

from steel plate to concrete and yielding of shear connectors due to a transverse shear failure. 

[21] The transverse shear resistance capacity of SC beam consists of two parts: shear 

resistance provided by concrete acting with steel plates, and shear resistance provided by 

shear connectors. The design plastic shear resistance strength ὠȟ  is expressed as [18] 

 



 

10 

 

ὠ ȟ ὠ ȟ ὠ ȟ  (2.7) 

 

where ὠ ȟ is the shear resistance provided by concrete, and ὠ is the shear resistance 

provided by shear connectors. According to Eurocode 2, the design shear resistance of a 

concrete without shear reinforcement is given by [18] 

 

ὠ ȟ ὅ ȟὯρππ”Ὢ
Ⱦ Ὧ„ ὦὬ ȟ (2.8) 

 

where ὅ ȟ  πȢρψȾ‎ for normal weight concrete, ‎ is the partial safety factor, Ὧ ρ

ςππȾὬ ς with Ὤ in mm, Ὤ is the depth of concrete core, ” ὃȾὦὬ , ὃ  is the 

cross section area of tensile reinforcement, ὦ  is the smallest width of the cross section, Ὢ  is 

the characteristics cylinder compressive strength of the concrete, Ὧ πȢρυ, and „  is the 

shear strength of concrete. The shear contribution by mechanical shear connectors is given by 

[18] 

 

ὠ
ὲὊὬ

Ὓ
 

ȟ (2.9) 

 

where ὲ is the number of shear connectors either in top plate or in bottom plate across the 

width of the section, Ὂ is the tensile strength of the connectors, Ὤ is the depth of concrete 

core, and Ὓ is the spacing of the connectors.  

 

 

2.3 Rigidity  of SC beam 

 

The deflection of SC beam caused by bending moments and shear force may be restricted for 

various reasons. If the height of the beam is not small compared to the length, shear force may 

give a significant contribution to deflection. Bond strength between steel plates and concrete 

core significantly influences the bending stiffness of SC beam. The total deflection of the 

beam ‏ consists of bending, shear and slip components i.e [22]  

 

‏ ‏ ‏ ‏  ȟ  (2.10) 
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where ‏  is bending deflection, ‏ is shear deflection, and ‏  is slip deflection defined 

according to Wright and Oduyemiôs model [23] assuming zero slip at the top plate. The 

detailed formulae to calculate the slip deflection is given in Appendix IV. The bending 

deflection ‏  for a SC beam due to a point load Ὂ at a mid-span is [22][24] 

 

‏
Ὂὒ

φὉὍ

σὥ

τὒ

ὥ

ὒ
ȟ  (2.11) 

 

where ὒ is the length of the beam, ὉὍ is the bending rigidity, ὥ is the distance of point load 

from the beam end. The shear deflection ‏ for a SC beam due to point load Ὂ at a mid-span 

is [22][25] 

 

‏
Ὂὥ

ςὛ
ȟ  (2.12) 

 

where Ὓ is the shear stiffness of the beam (Appendix IV) and ὥ is the distance of point load 

from the end of the beam. 

 

 

2.4 De-bonding resistance strength  of SC beam 

 

De-bonding is possible due to insufficient number of shear connectors. Hence, the total de-

bonding resistance strength of the shear connectors is calculated on the basis of the number of 

studs and tie-bars between plates and concrete. The resistance of the connectors ὖȟ  to the 

shear forces transferred by the steel plates is limited to 0.8 times the design shear resistance of 

the welded stud connectors ὖ  (when attached to compression plate) and 0.6 times the design 

shear resistance of the welded stud connectors ὖ  (when attached to tension plate). 

According to Eurocode 4, the equations to determine the design shear resistance of welded 

stud connectors is [26] 

 

ὖ  άὭὲ
πȢψ Ὢ“ Ὠ

τ ‎
ȟ
πȢςω ‌ Ὠ Ὢ Ὁ  

‎
ȟ (2.13) 
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where Ὢ is the ultimate stress of the stud, Ὠ is the diameter of the shank of the studs, ‌ is a 

factor (coefficient), Ὢ  is the characteristic compressive cylinder strength of concrete, Ὁ  is 

the elastic modulus of concrete, and ‎ is a safety factor (‎ ρ). The coefficient ‌ can be 

chosen as 

 

‌
πȢς 

Ὤ

Ὠ
ρ  ÆÏÒ σ Ὤ ȾὨ τȟ

ρ                          ÆÏÒ Ὤ ȾὨ  τȟ       
 (2.14) 

 

where Ὠ  is the diameter of the studs and Ὤ  is the overall nominal height of the stud. 
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3 Failure modes of SC element  

 

According to Oduyemi et al. [3], SC elements can fail under static loading due to at least one 

of the failure modes listed below. 

 

a) Flexural failure 

b) Shear failure 

c) Horizontal slip failure 

 

These failure modes observed experimentally are outcome of various local failure 

mechanisms. In flexural failure, yielding of steel plates and flexural cracks (smeared vertical 

hair cracks) in concrete core are the common failure mechanisms. Shear failure is 

characterised by diagonal shear cracks developed in concrete core from the bottom steel plate 

to the vicinity of applied load. Apart from these failure modes, end slip/ de-bonding between 

steel plates and concrete core may occur due to failure of shear connectors. The buckling of 

compression steel plate may also occur due to combined effects of normal stress and shear 

stress. Figure 6 illustrates schematically different failure mechanisms of the SC beam. 

 

 

Figure 6: Typical failure mechanisms of SC element [3] 
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3.1 Flexural failure  

 

Flexural failure is common failure mode in a 4-point bending test. Failure in SC beam is 

initiated by tension yielding of the steel plate followed the crushing of concrete in 

compression. For these failure mechanisms, the maximum compression strain in concrete 

needs to be smaller than the failure strain of steel plate (i.e. yield strain of steel). Positive 

bending moment produces compression stress above the neutral axis and tensile stress below 

the neutral axis (Figure 7(a)). As the steel plate at the top surface is subjected to high 

compression stress, buckling of compression steel plate may occur after yielding of tension 

steel plate.[3][9]  

 

 

Figure 7: (a) Stress components in SC beam and (b) Concrete cracks during loading  

 

Concrete is assumed not to take any tension but it is good at resisting compression. Therefore, 

smeared vertical hair cracks are developed in the concrete due to tension in the beginning of 

the deformation. When the deformation increases, the cracks gradually tend to incline and 

become flexural-shear cracks (Figure 7(b)).  

 

3.2 Shear failure  

 

Shear failure in SC beam occurs near a support where shear stress components are high. 

Although shear connectors play an important role to resist a sudden occurrence of shear 

failure, there is no fully convincing method for predicting the horizontal shear failure. 

Vertical shear failure has two principal failure mechanisms i.e. diagonal tension and diagonal 

compression. In the diagonal tension failure, an inclined shear crack is developed which split 

the beam into two pieces. Crushing of concrete occurs due to diagonal compression. [27] The 
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schematic representation of diagonal compression and diagonal tension vertical failure mode 

are shown in Figure 8 (b) and (c) respectively. 

 

 

Figure 8: (a) Vertical shear failure (b) diagonal compression failure mechanisms (c) diagonal 

tension failure mechanisms 

 

Vertical shear cracks shown in Figure 8(a) can be either web-shear cracks or flexural-shear 

cracks. Web shear cracks occur from an interior point of concrete core when the principle 

tensile stress components exceed the tensile strength of the concrete. Flexural-shear cracks 

occur after the inclination of flexural cracks. These cracks develop when the combined shear 

and tensile stress exceeds the tensile strength of the concrete. [27] After the failure of concrete 

core, a tie bar may yield due to stress concentrating in shear connectors.   

 

 

3.3 De-bonding failure   

 

De-bonding failure between steel parts and concrete of SC beam occurs in the high stress 

concentration regions, which are often associated with material discontinuities and presence 

of cracks. Propagation path of de-bonding depends on the elastic properties, strength of the 
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bond, substrate materials, and their interface fracture properties. De-bonding failure can occur 

due to flexure-shear crack, flexural crack, plate end shear failure, and shear failure. It has 

either plate-end de-bonding mode or intermediate crack induced de-bonding mode. A plate-

end de-bonding initiates at the ends of the beam and propagates in the direction of increasing 

moment illustrated in Figure 9(a). An intermediate crack induced de-bonding initiates at 

flexural-shear crack region within the shear span and propagates towards the plate end in the 

direction of decreasing moment shown in Figure 9(b). De-bonding failure weakens the 

bonding strength between steel plate and concrete core and may produce an end slip. [3][28] 

 

 

Figure 9: (a) Plate-end de-bonding (b) Intermediate crack induced de-bonding 
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4 SC beam model   

 

This chapter describes the SC beam model, structural parts and their parameters, material 

models, and the contact model as well as the loading and boundary conditions. The 

geometrical parameters of rectangular SC beam shown in Figure 10 are length (L), width (W), 

height (H), shear tie distance (Stie) in longitudinal direction, stud spacing in longitudinal 

direction (Sstud_long), and stud/ tie bar spacing in transversal direction (Sstud_trans). 

 

 

Figure 10: Front, side (section) and top projections of a SC beam 

 

The structural parts of SC beam are core, top and bottom plate, tie bar, and stud (Figure 10). 

The core is made from concrete and it has length (same as beamôs length), width (same as 

beamôs width), and height (hc) equals height of the beam minus total thickness of top and 

bottom steel plate as the geometric parameters. The geometric parameters of steel plate are 

length (same as beamôs length), width (same as beamôs width) and thickness (tsp). The 

geometric parameters of a tie bar are diameter (dtie) and length (Ltie) (same as the height of 

concrete core). Stud is the fourth structural part having diameter (dstud) and length (Lstud) as the 

geometric parameters.  
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4.1 Material  models  

 

Bottom steel plate is made from structural steel S355 while top plate is made from either S355 

steel or stainless steel. The quality of stainless steel is austenitic grade 1.4307. Shear bar is 

manufactured from either S355 steel or from Gr 8.8 steel. Studs are made from structural steel 

S235-J2G3+C450, a special grade used for NELSON stud. The concrete has nominal C30/37 

grade. [17] All these materials are considered as isotropic. The stress strain relationship is 

given by [29] 

 

„ Ὀ ȡ‐ȟ (4.1) 

 

where Ὀ  is the elasticity tensor which depends on Youngôs modulus Ὁ and Poissonôs ratio ‡ 

and ‐  denotes the elastic part of the strain which is assumed to be small. The material 

models of steel and concrete are described as follows. 

 

4.1.1 Isotropic elasto -plasticity with hardening  
 

 

Figure 11: Isotropic hardening 

 

Structural steel S355 exhibits an ideal stress-strain curve in which a plastic plateau is 

developed after yielding. The material behaves initially elastic (according to Eq. 4.1) followed 

by strain softening and then changes into plastic. The yield criterion of steel is based on von 

Mises stress measure whose yield surface is illustrated in Figure 11. The relation between 

stress „ and elastic strain ‐  by Hookeôs law is [29] 
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„ Ὀ ȡ‐ Ὀ ȡ‐ ‐ ȟ (4.2) 

 

where ‐ is the total strain and ‐  is the plastic strain. The yield function for isotropic 

hardening material is [29] 

 

Ὂ„ „ ‐ ȟ (4.3) 

 

where „  is the equivalent stress which is given by  

 

„‐ „ȡ‐Ȣ (4.4) 

 

The plastic strain increment Ὠ‐ according to the flow rule is given by [29] 

 

Ὠ‐ Ὠ‗
ὨὫ

Ὠ„
ȟ (4.5) 

 

where ‗ is non-negative plastic multiplier, and Ὣ is the plastic potential. 

 

4.1.2 Ramberg-Osgood model  
 

The stress-strain behaviour of stainless steel is different from that of S355. Strain hardening 

of stainless steel takes place at significantly higher ranges than low carbon steel without clear 

demarcation of the yielding point. The grade of stainless steel affects the degree of roundness 

of the stress strain curve, and austenitic grade exhibits the maximum non-linearity and strain 

hardening. Ramberg-Osgood model with Hillôs modification illustrates the stress-strain 

relationship of stainless steel with minimum number of required parameters. According to this 

model, the offset yield stress of stainless steel is assumed to be 0.2% proof stress. Strain 

hardening behaviour of the steel depends on Ramberg-Osgood constant (n). When stress level 

is higher than 0.2% proof stress, plastic strain gradually becomes greater than the elastic 

strain. [30] In multiaxial case, the Ramberg-Osgood model is [29]  

 

Ὁ‐ ρ ‡ί ρ ς‡ὴὍ
σ

ς
‌
ή

„
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where ‐ is strain tensor, E is Youngôs modulus, ‡ is Poissonôs ratio, ί is the stress deviator, ὴ 

is the equivalent hydrostatic stress, Ὅ is the identity tensor,  ‌ is the yield offset, ή is the Mises 

equivalent stress, and n is the hardening constant. 

 

4.1.3 Damage plasticity  model  
 

Concrete contains a large number of micro cracks which are developed due to segregation, 

thermal expansion, shrinkage, or loading. Micro cracks affect considerably the mechanical 

behaviour during loading and contribute to generate the quasi-brittle behaviour of concrete. 

The nonlinear (quasi-brittle) behaviour of concrete can be analysed by smeared cracking 

approach or by damage plasticity approach [29]. The crack initiation process at any location 

occurs in smeared crack concrete approach when stress reaches one of the failure regions 

either in the biaxial tension region or in a combined tension-compression region. This 

approach is proposed for a relatively monotonic loading and for a material which exhibits 

either compressive crushing or tensile cracking. Cracking is assumed to be the most important 

aspect of this approach and the representation of cracking and post-cracking anisotropic 

behaviour dominates the analysis. Plastic straining in compression is controlled by a 

compression yield surface. [29] 

 

Concrete damage plasticity approach is a modification of the DruckerïPrager strength 

hypothesis developed by Lubliner et al., 1989 and elaborated by Lee & Fenves, 1998 [29]. It 

describes the complex nonlinear behaviour of concrete. This model provides general 

capability for an analysis of concrete structure under different loading condition which is 

characterised by a yield criterion, flow rule, and a hardening/softening function [31][32]. 

Initially, stiffness degradation of concrete is isotropic and it is defined by damage variables. 

Strain rate decomposition is given by [29]  

 

‐ ‐ ‐ȟ (4.7) 

 

where ‐ is the total strain rate, ‐  is the elastic strain rate , and ‐ is the plastic strain rate. 

The stress strain relationship is [29][32] 

 

„ ρ ὨὈ ȡ‐ ‐ Ὀ ȡ‐ ‐ ȟ (4.8) 
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where Ὀ  is the initial (undamaged) elastic stiffness of the material, Ὀ ρ ὨὈ  is the 

degraded elastic stiffness, and d is the scalar stiffness degradation variable having the range 

from zero (undamaged material) to 1 (fully damaged material). The effective stress tensor „  

is defined as [29][32] 

 

„ḰὈ ȡ‐ ‐ Ȣ (4.9) 

 

Cauchy stress tensor ů, effective stress tensor „, and the degradation variable d are related by 

[29][32] 

 

„ ρ Ὠ„ . (4.10) 

 

 

Figure 12: Yield surface in (a) deviatoric plane (b) three dimensions [33] 

 

A yield surface is a surface in the stress space enclosing the volume of the elastic region. This 

means that the state of stress inside the surface is elastic, while stress states on the surface 

have reached the yield point. The yield criterion described by Lubliner et al. (1989) and 

modified by Lee and Fenves (1998) to account for different evolution of strength under 

tension and compression is given by [29][32] 

 

Ὂ
ρ

ρ ‌
ή σ‌ὴӶ‍ἂ„ ἃ ‎ἂ„ ἃ „ πȟ (4.11) 
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where ὴӶ is the effective hydrostatic pressure, ή is the von Mises stress measure, „  is the 

maximum eigenvalue of effective stress, ‐  is the plastic strain, ‐  is the plastic strain in 

compression, „ is the principal effective stress in compression, and ‌ and ‎ are 

dimensionless material constants. A function ‍ is given by  

 

‍
„

„
ρ ‌ ρ ‌ȟ (4.12) 

 

where „ is the effective compressive cohesive stress and „ is the effective tensile cohesive 

stress. These material constants mainly depend upon ratio of the strength in the biaxial state to 

the strength in the uniaxial state (fb0 / fc0) and ratio of the distances between the hydrostatic 

axis and respectively the compression meridian and the tension meridian in the deviatoric 

cross section (Kc). The flow rule for damage-plasticity model is given by [29] 

 

‐ ‗
ὨὋ„

Ὠ„
ȟ (4.13) 

 

where ‗ is non-negative plastic multiplier, and Ὃ is the flow potential. The flow potential is 

the Drucker-Prager hyperbolic function and it is given by [29][32] 

 

Ὃ ‭„ ÔÁÎ‪ ή ὴӶÔÁÎ‪ȟ (4.14) 

 

where ‪ is the dilatation angle, „  is the uniaxial tensile stress at failure, ‭ is the eccentricity 

that defines the rate at which the function approaches the asymptote. 

 

Dilation angle is defined as the angle of inclination of the failure surface towards the 

hydrostatic axis. It is also described as concrete internal friction angle. The value of dilation 

angle is ranges from 36
0
 to 40

0
 for normal concrete C30/37.  Eccentricity improves the 

hyperbolic form of plastic potential surface. It is calculated as the ratio of tensile strength to 

compressive strength. [32][33] The nature of stress-strain curve for uniaxial compression of 

concrete is illustrated in Figure 13(a).  
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Figure 13: Stress-strain curve of concrete for uniaxial load in (a) compression (b) tension [29] 

 

Uniaxial compression stress ůc and the effective stress tensor „ are related by [29]  

 

„ ρ Ὠ „ ρ Ὠ Ὁ ‐ ‐Ƕȟ (4.15) 

 

where Ὠ is the degradation variable in compression, Ὁ is the initial modulus of elasticity of 

concrete, ‐ is the total compressive strain, ‐Ƕ is the compressive plastic strain, ‐Ƕ is the 

compressive elastic strain, and ůcu is the uniaxial ultimate compression stress. 

 

The stress-strain relationship for uniaxial tension behaviour of concrete is illustrated in Figure 

13(b). It is seldom determined through a direct tension test because of the difficulties involved 

in its execution and the large scatter of the results. Tension behaviour of concrete can be 

described on the basis of different ways. Wang and Hsu [34] defines tension stiffness 

behaviour of concrete on the basis of stress ůt versus cracking strain ‐Ƕ. According to them, 

tension behaviour of concrete is given by  

 

„

Ὁ ‐                 ÉÆ  ‐   ‐Ƕ
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‐Ƕ
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Ȣ
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 (4.16) 
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where ůt is the tensile stress applied in concrete, Ὁ is the modulus of elasticity of concrete, Ůtot 

is the total tensile strain of concrete, ‐Ƕ is the cracking strain of concrete, and fctm is the mean 

concrete tensile strength. 

 

 

Figure 14: Uniaxial tension behaviour of concrete (a) pre-cracking stress-strain relationship 

(b) post-cracking stress-crack displacement relationship [35] 

 

Tension stiffness can also be expressed in terms of fracture energy (Gf) cracking criterion 

based on Hillerborgôs (1976) fracture energy proposal [29]. Tension behaviour of concrete 

based on this proposal is illustrated in Figure 14(a) and (b). The equation for the tensile stress-

crack opening relationship of concrete is [35]  

 

„  
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 (4.17) 

 

where ůct is the uniaxial tensile stress in concrete, fctm is the mean value of axial tensile 

strength of concrete in MPa, w is the crack opening in mm, w1 = GF/fctm in mm when ůct = 

0.20 fctm, wc = 5 GF/fctm in mm when ůct = 0, and GF is the fracture energy in N/mm. 

 

Concrete degradation variable d defines the damage of concrete in SC beam ranging from 

zero (undamaged material) to one (fully damage material). Damage associated with the failure 

modes of the concrete (cracking and crushing) results in a reduction in the elastic stiffness. 

The stiffness degradation is isotropic in nature. The degradation variables are computed by 

using the following expression as [29] 
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 ȟ (4.18) 

 

where d is the damage variable, ůtk is the true compression or tension stress, and ůtk.max is the 

maximum true compression or tension stress. 

 

 

4.2 Interaction  models of the structural parts  

 

The composite action of concrete and steel in SC beam relies on the bond between these two 

materials. Part surfaces are not perfectly smooth and even highly polished surfaces possess 

some degree of roughness. Surface roughness has a significant effect on how loads are 

transmitted at the contact interfaces.[4] Structural parts of SC beam interact at their 

geometrical boundaries, referred to as mating faces. To model the behaviour of contact 

surfaces, it is important to model both the structural parts and their interactions with each 

other and their surroundings properly. Contact interactions of structural parts are defined by 

specifying surface pairings and self-contact surfaces. Contact interface mechanics of SC beam 

consists of two components: normal interaction and tangential interaction.[16] 

 

 

Figure 15: Contact pressure-clearance relationship 

 

In normal interaction, contact pressure is acting perpendicular to the contacting surfaces. The 

relationship of contact pressure ὴ and clearance Ὤ between two surfaces at a point illustrated 
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in Figure 15 can be described as ὴ π ÆÏÒ Ὤ π ÏÐÅÎ and Ὤ π ÆÏÒ ὴ π ÃÌÏÓÅÄ. The 

contact constraint can be enforced with a Lagrange multiplier representing the contact 

pressure in a mixed formulation. The change in contact pressure that occurs when a contact 

condition changes from ñopenò (a positive clearance) to ñclosedò (clearance equal to zero) is 

sudden. This model is known as ñHard contactò normal interaction model.[29] 

 

 

Figure 16: Coulomb friction model 

 

Tangential behaviour of contact interface is associated with surface friction between contact 

parts. Coulomb friction model shown in Figure 16 can describe the interaction of contacting 

surfaces, which is based on classic laws of friction. The model is used for non-lubricated 

contacts as well as boundary- and mixed-lubricated contacts. Interacting surfaces allow 

separating but not permitting to penetrate each other. The tangential motion is zero until the 

surface traction reaches a critical shear stress value which depends on the normal contact 

pressure is given by [29] 

 

† ‘ὴȟ (4.19) 

 

where ‘ is the friction coefficient and ὴ is the normal contact pressure between the two 

surfaces. If the idle friction model does not model the slip conditions accurately, an allowable 

ñelastic slipò shown by dotted line in Figure 16 may be introduced [29]. The ñelastic slipò is 

the small amount of relative motion between the surfaces that occurs when the surfaces are 

sticking. 
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4.3 Loading  and boundary conditions  

 

The 4-point bending test is performed with the intention of obtaining flexural failure. In this 

test, there are 2 loading points and 2 supports. The 3-point bending test is carried out with the 

intention to obtain a shear failure. For this test, there is one loading point and 2 supports. The 

schematic representation of 4-point bending test and 3-point bending test are shown in Figure 

17 and Figure 18 respectively. The parameters of load and support conditions are loading 

distance from left end (LL), support distance from the end (Ls), and distance between the two 

loading points (LM). 

 

 

Figure 17: Load and support arrangement of a 4-point bending test 

 

 

Figure 18: Load and support arrangement of a 3-point bending test 

 

 

4.4 SC beam specimens  

 

Six differently configured SC beams are used to study failure modes. The varied geometric 

parameters among the beam specimens include thickness of steel plates, tie bar diameters, 

shear reinforcement ratios, and overall dimensions. Table 1 shows the dimensions of SC beam 

specimens. 
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Table 1: Dimensions of SC beams [17] 
S

p
e
c
im

e
n

s 

Length 

(L), m 

Height 

(H), mm 

Width 

(W), mm 

Shear tie 

distance 

(Stie) mm 

Stud spacing in longitudinal 

(Sstud_long) and transversal (Sstud_trans) 

directions (mm/mm) 

 Top  Bottom  

S1 9.54 800 640 600 300/240 200/240 

S2 9.54 800 640 600 300/240 200/240 

S3 8.34 800 800 600 200/160 200/160 

S4 8.34 800 800 600 200/160 200/160 

S5 8.34 800 800 1000 250/160 200/160 

S6 8.34 800 800 600 200/160 200/160 

 

The front view and side view of specimens S1 and S2 with dimensions are shown in Figure 

19(a) and (b) respectively. The ratio of distances between stud and thickness of compression 

steel plate is high i.e. Sstud/tc equals 30 in these specimens. S1 and S2 are identical in 

geometrical parameters. Detail drawing with dimensions and section views of these 

specimens are given in Appendix I. 

 

 

                                                        ( a )                                                                             ( b )     

Figure 19: Drawing of specimens S1 and S2 [4] 

 

In Figure 20(a) and (b), the front view and side view of S3, S4 and S6 with dimensions are 

shown respectively. Shear reinforcements are conservatively spaced i.e. distances between tie 

bars equals to 600mm. The ratio of distances between tie bars and height of the SC beam is 

0.75. This ratio satisfies the shear reinforcement distribution limit (maximum 0.75 times 

height of SC beams) according to EN 1992-1-1: Eurocode 2 (Clause 9.2.1 and Clause 9.2.2). 
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S3 and S4 have identical geometric parameters except the diameter of shear bar. S3 has tie 

bars while specimen S4 has threaded bars. There are differences of arrangement of tie bars 

and stud along transverse direction of S6 with respect to S3 and S4. Detail drawing with 

dimensions and section views of these specimens are also given in Appendix I. 

 

 

                                                        ( a )                                                                             ( b )     

Figure 20: Drawing of specimens S3, S4 and S6 [4] 

 

Figure 21(a) and (b) illustrate the front view and side view of specimen S5. In this specimen, 

shear reinforcements are very rarely spaced i.e. distance between tie bars is 1000 mm. S5 has 

0.064% minimum shear reinforcing ratio. Both shear reinforcement distribution limit 

(maximum 0.75 times height of SC beams) and the minimum shear reinforcing ratio 

(minimum 0.11%) according to EN 1992-1-1: Eurocode 2 (Clause 9.2.1 and Clause 9.2.2) are 

violated in this specimen. Detail drawing with dimensions and section views of this specimen 

are also given in Appendix I.  

 

 

                                                        ( a )                                                                             ( b )     

Figure 21: Drawing of specimen S5 [4] 

 

The major structural parts parameters of SC beam are thickness of steel plates, diameter of 

shear bar, stud length and stud diameter. These parameters are tabulated in Table 2. 
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Table 2: Parameters of structural parts of SC beam [17] 

S
p

e
c
im

e
n

s Steel plate Thickness 

(tsp) mm 

Tie bar 

diameter 

(dtie) mm 

Stud 

diameter 

(dstud) mm 

Stud 

length 

(Lstud) mm Top Bottom 

S1 10 15 24 19 125 

S2 10 15 24 19 125 

S3 15 15 18 19 125 

S4 15 15 M16 19 125 

S5 12 12 18 19 125 

S6 12 12 18 19 125 

 

The first two specimens (S1 and S2) are configured to a 4-point bending test and the 

remaining specimens (S3 ïS6) are configured to a 3-point bending test. In Table 3, the 

dimension of supports and loading arrangement designed for the tests are listed. The rotation 

is restrained in the y and z direction and the translation in z direction. The distance of the 

supports from the end is 270mm in all specimens. Hydraulic actuators are used to apply the 

load incrementally during the test in vertical downward direction. The load cells are used to 

measure the applied load. Initially, the loading process starts with slow loading, complete 

unloading, and then the test is subjected to loading until up to the maximum displacement of 

the actuator. The distance of loading point from the end is 3870 mm in 4-point bending test 

and 3270 mm in 3-point bending tests. 

 

Table 3: Position of supports and load during test [17] 

Specimens 

Total Bending points Support 

distance from 

end (Ls), mm 

Loading distance 

from left end (LL), 

mm 

Distance 

between two 

loads (LM), mm 

No. of 

Supports 

No. of 

loading 

S1 and S2 2 2 270 3870 1800 

S3, S4, 

S5, and S6 
2 1 270 3270 - 
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5 Abaqus Implementation  

 

Finite element method (FEM) is a robust numerical technique to obtain approximate solutions 

of mathematical models. The domain is discretised into subdomains called elements, and the 

solution is sought in terms of discrete values of field variables. The advantages of discretising 

whole domain into subdomains include accurate representation of complex geometry and 

capture of local effects. The application areas of FEM ranges from stress analysis of solids to 

fluid dynamic problems, and from thermal problems to the analysis of electromagnetic 

phenomena. [16] 

 

 

Figure 22: A finite element representation of SC beam 

 

SC beams are characterised by quasi-brittle behaviour of material, multiple failure modes, and 

numerous surface to surface contacts. Consequently, structural analysis of SC beam requires 

non-linear analysis [16]. Commercial FE software Abaqus/Explicit is used for the non-linear 

quasi-static analysis. In Figure 22, a finite element model of SC beam created in Abaqus/CAE 

is illustrated.  

 

A Plug-In named óSC Beamô developed by Donnadieu [16] and further improved in this thesis 

is used to generate the FE model. It executes Python scripts as well as GUI toolkit, and 

provides general user interface to create a customized FE model [29]. As a benefit, the 

modelling cost and time is reduced significantly. All the data needed for the plug-in are input 

in SI units. [29] The geometry, material properties, loads and support arrangement, as well as 
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mesh and job properties can input through the Plug-Inôs user interface. The remaining 

properties of the model are constant therefore they are defined in python scripts. 

 

 

5.1 Geometry   

 

The geometry of the specimens listed in Table 1 and Table 2 are input in the user interface of 

the Plug-in illustrated in Figure 23. 

 

 

Figure 23: User interface of óSC beamô Plug-In (geometry) 

 

Mirror symmetry technique is opted to reduce the number of elements and degree of freedoms 

and thereby the computational works. This technique defines the symmetry about a particular 

plane or multiple planes in which geometry, loading conditions, supports, and material 
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properties are identical among sections. Single plane symmetry reduces a model into a half 

while double planes reduce a model into a quarter of the original size. [29] 

 

Specimen S1 and S2 are symmetric in both longitudinal and transverse planes. In addition, 

support and loading conditions are also symmetric with respect to these planes. Hence, the 

model of theses specimens is quarter of the original size. A quarter size model is illustrated in 

Figure 24.  

 

 

Figure 24: A quarter size model of SC beam 

 

Geometries and supports of specimen S3, S4, S5, and S6 are symmetric with respect to the 

longitudinal and transverse planes. However, the loading condition is only symmetric with 

respect to the longitudinal plane. Therefore, the model of these specimens is half of the 

original size. In Figure 25, a half size model is shown. 

 

 

Figure 25: A half size model of SC beam  

 

The structural parts of SC beam are modelled by using pre-defined element in library of 

Abaqus/Explicit FE software. Each element is characterized by attributes such as family, 

number of nodes, integration method, formulation, and degree of freedoms (DOFs). Concrete, 




















































































































