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ABSTRACT 
 
This study describes experimental and numerical investigations into the inelastic behaviour 

of structural assemblages consisting of reinforced concrete (RC) beams connected to steel 

columns by means of fully embedded shear-keys. A detailed account of the experimental 

results and observations from a series of fourteen full-scale hybrid steel/RC specimens is 

presented. In order to provide further insights into the key response characteristics, 

particularly those related to ultimate failure conditions, a number of numerical sensitivity 

assessments are also carried out. The numerical studies are undertaken using nonlinear 

finite element procedures which are validated against previous tests on RC members as well 

as the experimental results from the hybrid tests presented in this paper. The ability of the 

numerical models to provide faithful prediction of both RC and hybrid test results, in terms 

of stiffness, strength and failure mode, using a consistent set of material modelling 

parameters, provides confidence in the reliability of the simulation techniques. Possible 

failure conditions for mixed RC/steel members are assessed using a suggested hybrid Mode 

Index (MI). Based on the experimental and numerical evaluations, simplified analytical 

representations of the failure surfaces, corresponding to the ultimate modes of behaviour for 

the hybrid configurations examined in this study, are proposed and discussed. 
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1. Introduction 

The mixed use of structural steel and reinforced concrete (RC) in order to achieve structural and 

constructional benefits has developed over many years. Early applications have been related to 

assessing the strength enhancement in encased composite columns traditionally used for fire 

protection [1,2]. More recent studies on composite columns have focused on examining detailed 

force transfer mechanisms and on evaluating ductility and failure criteria [3,4]. Other 

applications of mixed structural steel and RC also include investigations on composite coupling 

beams as well as their connections to RC walls [5-7], and it was shown that considerable 

improvements can be achieved through the concrete encasement of steel elements.  

Hybrid steel column-to-RC flat slab configurations which use a partially-embedded structural 

steel profiles were also examined by Eder et al. [8]. In this system, to avoid undesirable 

punching shear behaviour under seismic loading, the introduction of a gap around the column 

ensured ductile yielding of the steel shear-key. Other investigations on hybrid members 

consisting of RC flat slabs, with and without shear reinforcement, connected to steel columns by 

means of fully-integrated shear heads [9-11], showed improved punching shear strengths in 

comparison with conventional RC flat slabs. These studies also enabled the development of 

analytical models [11] that depict the rotational response, flexural strength and punching shear 

strength as a function of the shear-head embedment length, layout and section size. 

Many previous studies have examined the performance of connections between steel beams and 

RC or composite columns in which the efficiency of various joint configurations was 

investigated [12-15]. Face bearing plates introduced at the column face and aligned along the 

depth of the steel beam resulted in significant improvement to the joint shear capacity due to 

enhancements in force transfer through compression struts between the beam flanges. Detailed 

assessment of force transfer mechanisms and ultimate failure conditions in systems combining 

RC or composite beams with steel columns have, in contrast, received comparatively less 

attention. In preliminary numerical studies by the authors [16], typical shear failure mechanisms 

involving diagonal tension or shear crushing that can occur in hybrid beams, were explored. 

More recently, an initial experimental study focusing on the influence of various shear transfer 

mechanisms was also carried out [17], and enabled the development of a reliable modified shear 

design approach. Other tests [18,19] on hybrid systems in which fully encased composite 

columns are connected to RC beams showed that the plastic hinges in the RC beam form away 
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from the beam-column interface and protect the joint zone from significant damage, and that 

flexural failure governed the ultimate behaviour. 

Situations in which RC floor elements need to be combined with structural steel columns often 

arise in multi-storey buildings, either due to loading and performance constraints or as a result of 

practical and constructional considerations. However, the design of such ‘hybrid reinforced 

concrete/steel members’ often poses various uncertainties related to the direct applicability of 

codified rules which are typically developed and validated for conventional RC or structural 

steel configurations. Such configurations are not conventional RC members and cannot follow 

the design philosophy stipulated in RC codes such as Eurocode 2 [20]. They are also not 

classified as fully composite members where design rules and safety checks such as those in 

Eurocode 4 [21] apply. Therefore, the current study examines the behaviour of hybrid structural 

configurations in which loads are transferred from RC beams to steel columns by means of fully 

embedded structural steel shear-keys. The study is part of a wider research project which focuses 

on complementing existing design guidelines by investigating the structural behaviour and key 

merits realised from steel profiles embedded in RC configurations [11,17]. The presence of 

embedded steel shear-keys in RC members creates discontinuities within several regions: hybrid 

domain (structural steel and RC), non-hybrid domain (RC), and a third transition zone linking 

the two. This necessitates modifications to typical behaviour of RC members and the need for 

assessing the governing ultimate criteria.  

In this paper, detailed results and observations from an experimental programme on fourteen 

full-scale hybrid systems consisting of RC beams connected to steel columns, using embedded 

shear-keys, are reported. Complementary numerical studies are also undertaken using nonlinear 

finite element procedures which are validated against previous tests on reinforced concrete 

members [22], as well as the experimental results from the hybrid tests presented in this 

investigation. A number of numerical sensitivity studies are then undertaken in order to provide 

further insights into the key response characteristics, particularly those related to ultimate failure 

conditions. Based on the detailed experimental results (crack patterns, surface strain recordings 

and profile deformations), coupled with the findings from the numerical assessments, simplified 

analytical representations of the failure surfaces, corresponding to the ultimate modes of 

behaviour for the hybrid configurations examined in this study, are suggested and discussed. 
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2. Experimental Programme  

The hybrid structural configurations investigated in this study consist of structural steel columns 

to which RC beams are connected by means of fully-embedded structural shear-keys. Fourteen 

large-scale specimens were tested in order to examine the influence of the embedment length of 

the shear-key lv, flexural reinforcement ratio ρl, presence of transverse reinforcement ρw, and the 

cross-sectional ratio η = (EcIc)/(EvIv)). The latter ratio is dependent on the elastic concrete 

modulus Ec, the elastic moment of inertia of the concrete cross-section Ic, the elastic steel 

modulus Ev and the moment of inertia of the shear-key Iv. The parameters investigated, as 

depicted in Table 1, cover a wide range used in design practice and enable adequate assessment 

of their influence on the structural behaviour of hybrid members. 

2.1   Testing arrangement and specimen details 

The test setup was designed to simulate loading conditions characteristic of the beam-to-column 

region of a framed structure in which two partial cantilever beams are connected to the steel 

column. The same testing arrangement was used in a previous study covering five initial tests 

from this programme [17]. A schematic outline of the rig is given in Figure 1a, whilst Figure 1b 

provides a general view of the test setup. A 1000 kN actuator was used to apply loading in the 

upwards vertical direction through the column in displacement control, simulating a three point 

bending arrangement. The reaction to the applied displacement was provided by two secondary 

frames situated at even distances from the centre of the specimen. The reaction force was 

transferred to the frame by means of two steel rollers of 100 mm diameter. Plates of 20 mm 

thickness and 180 mm width were placed between the specimen and steel rollers to avoid local 

crushing of the concrete at the reaction regions. Displacements were recorded at 12 locations 

throughout the length of the specimen by means of displacement transducers. In each specimen, 

16 strain gauges were typically placed on the longitudinal reinforcement, transverse 

reinforcement and shear-keys. Crack development and kinematics were captured by means of 

‘Demec’ mechanical dial gauges. Additionally, several of the specimens were instrumented 

using an advanced Digital Image Correlation (DIC) system to obtain a more detailed and 

independent verification of the local measurements.  

The hybrid members represent the beam-to-column connection region of a typical framed 

structure with a moment span of about 6m in which RC beams are connected to steel columns by 

means of shear-keys. As illustrated in Figure 2a, the total measured length of the specimens was 
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3750 mm, whereas the distance between the supports varied between 2300 and 2600 mm. 

Various configurations were tested in which the embedment length to section depth ratio lv/hv 

varied between 1.0 and 3.6, the stiffness ratio η varied between 4 and 16, the flexural 

reinforcement ratio ρl varied between 0.30 and 1.14 %, and the concrete section width-to-depth 

ratio b/h varied from 0.80 to 1.21.  The rebar sizes dbl of Grade S500B ranged from 12 mm to a 

maximum of 25 mm for the top tensile reinforcement, whereas dbl = 12 mm bottom 

reinforcement bars were provided in all the specimens. Two-legged vertical stirrups of dbw = 8 

mm diameter at sw = 150 mm spacing were provided in the moment span region in all members. 

To avoid possible local effects in the vicinity of the reaction plate, a denser stirrup arrangement 

(sw = 70 mm) was maintained outside the moment span region. Identical structural steel profiles 

(HEB240) were used for all the columns, whereas four different steel profiles, namely, , 

HEB220, HEB200, HEB180 and UC152 were used for the shear-key assembly. The cross-

section dimensions of the adopted HEB and UC sections are given in Table 2. A cross-sectional 

view of a narrow hybrid member (b/h=0.8) is illustrated in Figure 2b. Five of the members had 

shear-key assemblages provided with 15 mm thick horizontal stiffeners welded to the web and 

running mid-depth parallel to their flanges. The cross-sectional view of this type of member is 

depicted in Figure 2c, with their characteristics provided in Table 1 (marked with ‘S’ at the end 

of the specimen reference). 

Ready-mix concrete of C25/30 grade with maximum aggregate size dmax = 10 mm was used in 

all specimens. The concrete compressive strength fc, assessed on the day of testing using a 

minimum of three cylindrical samples of 102×254 mm, varied from 27.3 to 43.8 MPa. The 

compressive strength measured at 28 days varied from 29.1 to 37.1 MPa, whereas the splitting 

strength was between 2.36 to 3.19 MPa. The samples assessed on the day of testing were 

maintained in conditions similar to those of the specimens, whilst those assessed at 28 days were 

cured in water. Full details including the age of samples at testing are depicted in Table 1. 

Tensile tests were also carried out in order to assess the characteristics of the materials used in 

the shear-keys and reinforcement bars. The yield strength of the steel used in the shear-keys 

varied from 380 MPa for UC152 to 444 MPa for HEB180, whereas the yield strength of the 

reinforcement bars varied between 518 MPa for 8 mm bars to 630 MPa for 25 mm bars. The 

average values of steel properties, determined on a minimum of three samples in each case, are 

provided in Table 2. 
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2.2   Experimental results and observations 

The overall test results, in terms of applied displacement at the column centre δ against the 

corresponding force P, are depicted in Figure 3, whereas a representation of the crack 

distribution at failure is illustrated in Figure 4. The main measurements from the tests are 

summarised in Table 3, including the ultimate strength, recorded crack inclination as well as the 

deflection at failure. 

The member without transverse reinforcement, B25-R10-W0-S8, failed due to the development 

of an inclined shear crack that passed below the shear-key and extended between one of the 

supports to the tip of the column. Specimen B10-R10-W20-S8, with a relatively short shear-key 

(lv/hv = 1.0) and ρl = 1.09% developed a shear-dominant mixed failure since inelastic strains 

were recorded in the longitudinal reinforcement combined with high shear deformation at the 

critical crack. Intermediate shear-key lengths (lv/hv = 2.5) and high flexural reinforcement ratios 

ρl = 1.09-1.21 % translated the critical section further away from the column face and led to 

failures governed by stirrup yielding and eventually stirrup fracture (Specimens B25-R10-W20-

S8 and B25-R12-W20-S16). For the specimen with the longest shear-key (lv/hv = 3.6) and 

relatively high reinforcement ratio (ρl = 1.09%) (i.e. B36-R10-W20-S8), failure was triggered by 

crushing of a direct strut developing between the bottom flange of the shear-key and the reaction 

plate. 

Although Specimen B10-R3-W20-S9S with low amount of longitudinal reinforcement ratio (ρl = 

0.3%) and short shear-key (lv/hv = 1.0) was provided with horizontal stiffeners welded to the web 

at mid-depth, a nearly identical behaviour and ultimate strength, compared to its counterpart, 

B10-R3-W20-S9, without stiffeners, was observed. In both cases, flexural cracking initiated in 

the vicinity of the column flanges at 37% of the recorded ultimate strength. Parallel and equally-

spaced flexural cracks developed within the member moment span as the load increased, with 

cracks propagating further deeply at the composite-to-concrete interface. Flexural failure 

governed at the interface due to yielding of the longitudinal reinforcement that reached inelastic 

strains above 4.5% at ultimate. The recorded ultimate strength of Specimen B10-R3-W20-S9S 

was Ptest = 203 kN with a ultimate mid-span deflection of δu,test = 16.8 mm, whereas for B10-R3-

W20-S9 the test results showed approximately identical values of Ptest = 206 kN and δu,test = 16.4 

mm.  
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In contrast to the previous low-reinforced specimens with relatively short shear-keys, in which 

no signs of shear-cracking were observed, in specimens of similar reinforcement ratios but 

longer shear-keys (B25-R3-W20-S9S), the critical section was shifted further away from the 

column face. Consequently, as observed in the crack pattern in Figure 5a, slightly higher shear 

was mobilised producing trivial rotations of the flexural crack at the interface. This resulted in a 

flexure failure at Ptest = 280 kN with an ultimate mid-span deflection of 13.5 mm. For Specimen 

B25-R6-W20-S8, with intermediate flexural reinforcement ρl = 0.57%, the first bending cracks 

developed at around 15% of the test strength. Diagonal cracks formed between flexural cracks 

outside of the shear-key region. Strain gauges located on the longitudinal reinforcement at the 

column face recorded yielding at 78% of Ptest, whilst the transverse reinforcement remained 

elastic. A flexure-dominant mixed failure then took place at 492 kN with an ultimate deflection 

δu,test of 18.6 mm. In all hybrid members with relatively low and intermediate reinforcement (ρl= 

0.30-0.57%) and concrete section width-to-depth ratio b/h = 0.8, the shear-key components 

remained elastic at ultimate, whilst the longitudinal reinforcement yielded leading to flexural 

failure at the composite-to-concrete interface. 

Hybrid specimens with high flexural reinforcement ratio ρl =1.1%, and embedment length-to-

shear-key section depth lv/hv = 2.5, developed shear governed failures. First signs of cracking 

were observed for Specimen B25-R10-W20-S11 at 7% of the peak load, followed by inclined 

cracks stemming from flexural ones around 42% of Ptest. Diagonal cracks then started 

developing from the support at 56% of the ultimate load. The governing shear crack stabilised at 

84% of the ultimate strength Ptest = 713 kN and its corresponding deflection of δPtest = 13.7 mm. 

Specimens with horizontal stiffeners (B25-R10-W20-S11S and B25-R10-W20-S8S) developed 

similar behaviour throughout the test. In comparison with their counterparts without welded 

stiffners, the critical crack did not extend from a flexural crack, but rather from crushing of a 

multi-level strut supported on the flanges of the shear-key. This produced inelastic strains in the 

stirrups, as recorded by strain gauges, which eventually trigerred failure as illustrated in Figure 

5b. The member with HEB200, recorded an ultimate strength Ptest = 753kN at a mid-span 

deflection of 15.9 mm, whereas the member with HEB180 shear-key had a Ptest = 747 kN and a 

corresponding mid-span deflection of 16.3 mm.  

As illustrated in Figure 5c, closely similar shear behaviour and crack patterns were observed for 

the wider specimens failing in shear (b/h=1.21) in comparison with narrower members. In the 

wide member without horizontal stiffeners B25-R10-W15-S4, the shear failure was triggered by 
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yield of the transverse bars at 77% of Ptest, followed by yielding in the longitudinal 

reinforcement at 83 % of Ptest,, while the shear-key remained elastic, with Ptest = 604 kN and 

δPtest = 19.2 mm. For the specimen with horizontal stiffeners B25-R10-W15-S4S, the failure was 

also triggered by yielding of stirrups at 82% of ultimate load with yielding of longitudinal bars 

prior to failure at 99% of ultimate strength (with Ptest = 627 kN and δPtest = 15.3 mm). 

Consequently, in both wide members, the behaviour at ultimate was governed by shear with 

significant bending mobilised, giving rise to mixed mode shear-flexure failures. 

Key observations from the resulting crack patterns and strain recordings described above are 

further used in the following sections within the numerical simulations and analytical 

assessments. The load-deflection curves from Figure 3, crack patterns in Figure 4, and recorded 

strain measurements enable a direct comparison with the results of non-linear numerical models 

described in Sections 3.1 and 3.2. More detailed observations on the behavioural characteristics 

of hybrid members are given in Section 3.2.2. The strengths and failure modes obtained from the 

tests, combined with the detailed insights through numerical simulations, allow direct 

comparison with existing prediction models which enable the definition of failure criteria for the 

hybrid configurations investigated herein.  

As clearly observed from the behaviour of the members investigated, the horizontal stiffeners 

had an insignificant influence on the ultimate capacity achieved in shear and flexure. However, 

the horizontal stiffeners had a direct effect on the overall stiffness of the shear-key, and hence 

the shear force distribution along the insert length. The degree of stiffness enhancement provided 

by the stiffeners is related to the failure mode, and in turn on the positioning of the neutral axis 

along the shear-key cross-section (relative flexural rigidity of the shear-key to that of the 

concrete section at ultimate). By referring to Specimens B25-R10-W20-S8 and B25-R10-W20-

S8S, the neutral axis along the critical section (tip of the shear-key) is located at a depth of 

approximately 180 mm from the top flange. Consequently, the introduction of a horizontal 

stiffener in the latter positively contributes to the flexural rigidity of the shear-key, hence 

allowing more shear to be carried by the tip of the shear-key. The same can be inferred for the 

wide specimens investigated (B25-R10-W15-S4 and B25-R10-W15-S4S) where the neutral axis 

is also located within the bottom fibre of the shear-key (210 mm from the top flange). 

The above-discussed effect is more pronounced for flexure modes of failure. In this case, more 

tensile strains are induced in the longitudinal reinforcement at the interface, compared to the 

other above-mentioned shear-failing specimens, and hence a deeper neutral axis at the critical 
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section is observed. As a result, the stiffeners promote more contribution to the flexural rigidity 

of the shear (higher translation of the neutral axis when evaluating the second moment of area Iv 

of the shear-key). For B25-R10-W20-S11 and B25-R10-W20-S11S, a shallower depth of the 

neutral axis along the critical section, compared to the above specimens, is observed (almost 

mid-depth, at 90 mm from the top flange). The stiffeners, therefore, showed negligible 

contribution to the flexural rigidity of the shear-key at the composite-to-concrete interface 

(almost zero translation of the neutral axis when evaluating the second moment of area Iv). These 

effects from the stiffeners need to be considered in design and assessment for more flexible steel 

inserts (beyond those examined in this experimental programme), where local flexural and shear 

yielding of the shear-key become more critical.  

3. Numerical Simulations 

The numerical investigations were carried out using the nonlinear finite element program 

ABAQUS [23] to obtain a more detailed insight into the structural behaviour of hybrid RC 

members. In this section, the numerical models are first validated using the results of a previous 

test series on conventional RC beam members [22], in order to calibrate key modelling 

parameters, and are then adapted for comparison against the experimental results of the hybrid 

members described in Section 2.  

3.1   Validation against conventional RC members 

3.1.1 Modelling details 

The experimental study carried out by Vecchio and Shim [22] was selected in order to carry out 

the validation against conventional RC members tested under three-point bending. Specimen B2 

[22] was used as a reference for conducting initial sensitivity studies since it has similar 

geometry to the hybrid members described in Section 2. The specimen is a 5.01 m long concrete 

beam with a moment span ls = 4.57 m, concrete compressive strength fc = 25.9 MPa and cross-

section of b×h = 229×552 mm (d = 457 mm). It was provided with 2×30 mm and 2×25 mm bars 

in tension, and 3× 10 mm bars in compression. The beam was shear-reinforced with 5 mm 

diameter stirrups equally spaced at 190 mm within the moment span, with closer spacing in the 

load application and boundary zones. The behaviour of the member was characterized as shear-

flexural with ultimate failure governed by crushing of concrete in the compression zone with 

limited ductility at the peak-load level before a sudden drop [22]. 
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As shown in Figure 6, symmetry was used to model half the specimen using the presented 

boundary conditions. Horizontal displacements in the Z direction, and rotations about the X and 

Y directions were restrained throughout the plane of symmetry. Displacements in the Y direction 

were also restrained along the centreline of the reaction plate. Eight-nodded solid elements 

(C3D8) with full Gaussian integration were adopted for concrete elements, in which a quasi-

Newton numerical solver was adopted. The loading and reaction plates were modelled as elastic 

materials using the eight-noded reduced brick element (C3D8R), whereas the reinforcement was 

represented with two-noded linear truss element (T3D2) [23]. A displacement control loading 

procedure was adopted. Steel reinforcement and structural steel materials were modelled using a 

bilinear elasto-plastic model with strain hardening taken into account in which the plastic 

modulus Esh was approximately 1% of its initial elastic counterpart, Ev and Es. A perfect bond 

condition between the reinforcement and concrete was considered using embedded constraints. It 

should be noted that the specimens were designed with sufficient anchorage to minimise slip. 

Additionally, the bond-slip between the reinforcement and adjacent concrete elements was 

implicitly considered in an approximate manner through the adopted concrete constitutive 

model.  

A number of sensitivity studies were carried out on Specimen B2 [22] in order to assess the 

suitability of various modelling assumptions related to the mesh density and material parameters. 

A ‘fine’ mesh was first adopted with twenty-eight elements along the beam height and eleven 

elements along the width. Another ‘Baseline’ mesh size, as illustrated in Figure 7a, elements was 

also considered with fourteen layers through the beam height and six elements along the width. 

A third ‘coarse’ mesh with only one and three elements along the beam width and height, 

respectively, was also used for comparison. As shown in Figure 7a, both the ‘standard’ and 

‘fine’ mesh sizes showed close correlation with the test results up to ultimate load with minor 

differences, below 2%, in the predicted peak load, although the ‘fine’ mesh provided slightly 

better prediction in the post-peak response in comparison with the ‘standard’ mesh, yet at a 

significant computational expense. The ‘standard’ mesh was therefore used for the validation 

and assessment of the conventional RC test members.  

3.1.2 Constitutive parameters 

The Concrete Damaged Plasticity (CDP) model in ABAQUS [23] was used to represent the tri-

axial constitutive behaviour of concrete. The model uses a potential yield function in the 

effective stress space derived from a Drucker-Prager representation [24, 25]. The potential yield 
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function is controlled by the effective values of the hydrostatic stress, Mises equivalent stress, 

maximum principal stress, plastic strain and parameters α and γ discussed below. The CDP 

accounts for volumetric changes exhibited in concrete under inelastic stress states by means of a 

non-associated potential plastic flow. In such case, the plastic volume expansion is not 

proportional to the increase in stresses. This is represented in the plastic potential flow G, which 

is also a function of uniaxial tensile stress behaviour σt0 and eccentricity parameter ϵ [23], by the 

dilation angle ψ measured in the  plane at high confining pressure.  

The dilation angles (ψ) may vary between ψ = 10° for RC corbels [26] to ψ = 40° for RC flat 

slabs [27, 28] as a function of the structural configuration and modes of failure investigated. In 

this study, as illustrated in Figure 7b, a variation of ψ between 10° and 55°, shows that the best 

estimates for both peak strength and deformational behaviour are obtained for a dilation angle of 

ψ = 25°. Close inspection of the numerical response showed that stiff nonlinear behaviour is 

associated with higher dilation angles, whereas for lower values, the confinement below the 

loading plate was not adequately captured, which led to a brittle failure mode with a false trace 

of the post-peak equilibrium path achieved.  

The parameter γ defines the shape of the yield surface in the deviatoric plane. It is controlled by 

κc which is the ratio between the second stress invariant J2 on the tensile meridian to that on the 

compressive meridian at any given hydrostatic state. Variations of κc from 0.5-1.0 showed 

significant influence on the overall response and the predicted mode of failure (Figure 7c). For κc 

= 0.5, crushing in the loading plate vicinity was poorly simulated and yielding in the tensile 

reinforcement governed the behaviour. On the other hand, for κc = 1.0, yielding in the transverse 

reinforcement (adjacent to the loading plate) occurred prior to concrete crushing. Values of κc 

between 0.667 and 0.8 showed the closest correlation with the experimental data, of which the 

former was adopted in all the analyses since it offers the best balance between validation 

accuracy and computational efficiency.  

As illustrated in Figure 7d, a relatively low visco-plastic regularisation, compared to reduced 

integration schemes, was sufficient to take the analysis into the softening phase with negligible 

effect on the overall stiffness and peak load. In this investigation, the values of the viscosity 

parameter ν ranged from ν = 3×10-6 to ν = 0.0001, depending on the model convergence criteria. 

For ν = 0.01, the numerical response was unable to capture failure due to crushing leading to 

flexural yielding. Additionally, the influence of the plastic potential profile in the meridional 

plane on the predicted response was also investigated. Variations in the eccentricity parameter 

p q
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from ϵ = 1 to ϵ = 0 showed negligible influence on the predicted peak load, with minor variations 

in the overall stiffness. Also, the influence of the bi-axial compression strength ratio of the 

material [29], represented by the parameter α, showed minimal influence on the numerical 

response. For this cases, the implicit ϵ = 0.1 and fb0/fc0=1.1667 values were used in all the models 

thereafter.  

The CDP constitutive model requires a set of material functions: uni-axial stress-strain 

relationships σ-ε and corresponding scalar damage parameters di to represent the stiffness 

degradation Eci/Ec [23]. In this study, a plastic stiffness degradation model [24] in which the 

stiffness reduction is associated with the irreversible plastic strains occurring after damage rather 

than the total deformations (i.e. damage occurring only within the softening domain), is 

employed. For cohesive-brittle materials, as depicted by Equation (1), the relationship between 

degraded Eci and elastic stiffness Ec of the material is dependent on the material cohesion c, as a 

function of the effective tensile and compressive stresses, and the maximum concrete cohesion 

cmax is considered proportional to the uniaxial concrete strength [24]. Based on this assumption, 

in this study, the scalar damage parameters di (i=c,t for compression and tension) are evaluated 

by Equation (2). 

       (1) 

       (2) 

The energy-based formulation proposed by Feenstra [30] was adopted in this study for uniaxial 

compression modelling. The constitutive model requires the definition of the uniaxial concrete 

compressive strength fc, the concrete elastic modulus Ec, the concrete crushing energy Gc that 

ranges between 100 to 500 times the fracture energy Gf [31], and the width hmesh over which a 

discrete crack is smeared, referred to as the characteristic length or crack bandwidth. The crack 

band width is a function of the element type, shape and integration scheme [32]. In this study, 

the characteristic length is taken equal to Vmesh
(1/3), where Vmesh is the volume of the concrete 

element adopted [27].  

The uniaxial concrete tensile strength is represented by a linear elastic law up to the concrete 

splitting strength fsp evaluated from test measurements; an exponential decay function, however, 

was used to idealise the post-peak softening behaviour [33]. In this formulation, the post-peak 
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tensile behaviour is a function of the stress σt, crack opening displacement w, the maximum 

crack opening displacement wc, as well as two experimentally determined parameters c1 and c2. 

The concrete tensile fracture energy Gf  is evaluated using CEB-FIP1990 recommendations [34]. 

In this investigation, the crack-opening displacement is converted into strain using the 

characteristic length hmesh, to overcome the strain localisation phenomenon [32] which enables 

mesh independent results. 

The response of the member was analysed using exponential [33], bilinear [35], and linear [32] 

representations, with no stress transfer and full stress transfer across crack interfaces in the 

tension post-peak regime. For a full hypothetical transfer of tensile forces across cracks (constant 

tension stiffening), the results showed an increase in the predicted stiffness and peak load, 

whereas for the case without tension stiffening, the models experienced severe divergence 

problems. The linear and bilinear representation provided good prediction of the ultimate load, 

with a slightly stiffer response associated with the latter (Figure 7e). The ‘baseline exponential’ 

idealisation has been used for all the models carried out in the current investigation. . The 

influence of the uniaxial concrete compressive behaviour on the member response was assessed 

using various models [30,36,37]. The results showed that the Feenstra model [30], provided the 

closest response to the test results, in which the concrete crushing energy, as the governing 

parameter for the post-peak behaviour, showed good agreement for values of Gc = 130Gf (Figure 

7f).  

3.1.3 Structural response 

In order to assess the reliability of the selected constitutive parameters in Table 4, the response 

of other conventional RC specimens, with and without shear reinforcement, which were tested 

by Vecchio and Shim [22] were simulated. Material characteristics for these tests are 

summarised in Table 6. Four further specimens were considered as indicated in Table 5. As 

before, the test configuration followed a three-point bending arrangement in which the load was 

applied downwards in 40kN increments, switching to displacement control close to the ultimate 

load. The reported failure conditions include both shear and flexural dominated modes. 

The same material parameters considered in previous sections for the reference Specimen B2 

were used for the simulation of the other RC specimens. The numerical simulations presented 

together with the experimental results are presented in Figure 8, and summarised in Table 5. The 

predicted stiffness and ultimate peak load are shown to be in close agreement with the test 
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results with an average predicted-to-experimental ultimate strength ratio of 0.99 and a variation 

within 5.6%. All predicted crack patterns at ultimate also showed a close match to those from the 

tests. In addition, the flexural-compression failures that developed near the loading plate were 

predicted adequately using the three-dimensional models employed. 

3.2 Hybrid steel/concrete members 

3.2.1 Modelling assumptions 

The constitutive and other modelling parameters assessed and calibrated in Section 3.1 are used 

herein for the numerical assessment of the hybrid members described in Section 2. In addition, 

hybrid members require the definition of parameters for the composite behaviour between the 

shear-key assembly and surrounding concrete. The interface between the shear-key and the 

concrete was represented by a surface-to-surface interaction in which the steel component was 

assigned as ‘master’. The relative slip between the two components was defined by the ‘penalty-

friction’ formulation [23]. The friction coefficient between steel profiles and concrete is 

typically in the range μf = 0.2-0.8, which varies with the loading mechanism and test setup [38-

40]. A value of μf = 0.57 [40] was used as the reference value in all simulations and showed good 

correlation with the test results.  

The finite element model described previously for conventional RC members, as shown in 

Figure 6, was adapted for the hybrid members as depicted in Figure 9 and using similar 

assumptions. Additionally, for the hybrid members, eight-nodded brick elements (C3D8R) with 

a reduced integration scheme were employed for the shear-key assembly. As before, all steel 

materials were modelled using bi-linear elasto-plastic models. A similar mesh size to that use in 

the conventional RC members was also adopted for the hybrid members, but with further 

refinements in the region of the shear-key as dictated by the thickness of its flanges and based on 

additional mesh sensitivity studies. 

3.2.2 Comparison with test results 

The predicted load-deflection responses for all fourteen hybrid specimens compared with the test 

results are presented in Figure 10. The numerical models capture closely the initial stiffness, 

cracking stage, ultimate peak load, and the governing failure mode for all specimens. Members 

with relatively high longitudinal reinforcement ratio, in which shear failure governed, are well 

represented at all states. Similar to the tests, the numerical load-deflection curve shows a sudden 
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drop after the peak load is reached. The models also predict accurately the strains recorded at 

key locations of the hybrid specimens. For example, a comparison between measured and 

predicted strains (in the tensile reinforcement and along the top shear-key flange) is presented in 

Figure 11. Simulation results for Specimens B10-R10-W20-S8 and B25-R6-W20-S8 indicate a 

mixed failure mode. In the former, the development of inelastic deformations is captured by a 

short plastic regime, whereas for the latter, a well-defined plastic plateau governs the behaviour 

at ultimate. 

As shown in Table 3, despite the wide range of the parameters investigated, the responses from 

all tests were closely predicted with an average experimental-to-numerical ultimate strength ratio 

of 1.03 and a coefficient of variation of 0.05. A representation of the predicted governing crack 

for typical flexure failures (B10-R3-W20-S9S) and typical shear failures (B25-R10-W20-S8S) is 

demonstrated in Figure 12 and close comparisons with the corresponding experimental patterns 

from Figure 4 can be observed. 

The experimental and numerical results point towards three failure mechanisms that dominate 

the ultimate capacity and associated ductility of the members. In the first failure mode (I), the 

capacity of the member is controlled by yielding of the tension reinforcement of the RC region at 

the composite-to-concrete interface, which is delimited by the tip of the shear-key. This was 

observed in all specimens with low amount of longitudinal reinforcement ρl = 0.30-0.57%, and 

relatively low to intermediate embedded length-to-height ratios lv/hv (i.e. B25-R6-W20-S8; B10-

R3-W20-S9; B10-R3-W20-S9S; B25-R3-W20-S8S.  

For relatively high embedded length-to-depth ratios lv/hv and stiff shear-keys, the composite 

region behaves as a rigid block and the hybrid shear span av, represented by the distance between 

the tip of the shear-key and the reaction plate, reduces. This leads to an increase in the flexural 

capacity at the tip of the shear-key, reducing the likelihood for Mode (I) to develop at the 

interface. In this case, failure at the critical shear crack typically precedes yielding of the flexural 

reinforcement at the interface and a brittle shear response (Mode II) takes over at ultimate. This 

was observed in the majority of tests specimens with transverse reinforcement that failed in 

shear as described in Section 2 (i.e. B25-R10-W20-S8; B25-R10-W19-S8S, B25-R20-W20-S11; 

B25-R10-W20-S11S; B25-R12-W20-S16; B25-R10-W15-S4; B25-R10-W15-S4S).  

Direct strut behaviour (Mode III) governs for short hybrid shear spans av as a direct strut 

develops between the shear-key flanges and the reaction plate. In this case, arching action is 
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mobilised and a significant improvement to the shear capacity of the RC section is achieved. For 

configurations of relatively high shear capacity together with high flexural strength at the 

composite-to-concrete interface, the member capacity is typically controlled by two different 

discrete mechanisms. These mechanisms are a function of the shear-key stiffness and strut 

capacity. On the one hand, crushing in the direct strut is typically governed by the strength of the 

‘compression-compression-tension’ (CCT) node which develops at the plate vicinity, and is 

typical for relatively low concrete strength and high shear-key stiffness. On the other hand, 

yielding in the hybrid section at the column face, as a function of the existing surface bond, 

develops for high concrete strengths combined with relatively flexible steel inserts.  

For a more detailed identification of flexural failures at the interface (I), a numerical simulation 

was carried out in which the following factors were used: lv/hv = 0.5 resulting from the HEB220 

section size, ρl = 1.1% and fc = 50 MPa. All other parameters were maintained similar to the 

reference model B25-R10-W20-S11 (Table 7). Figure 13a illustrates the load-deflection 

response and typical failure governed by reinforcement yielding at the interface. Unlike typical 

flexure failures in three-point bending RC members in which failure occurs at the mid-span, the 

presence of the shear-key shifts the critical section away from the column face towards the tip of 

the steel insert. This behaviour enables the development of a critical shear crack in the same 

region and can trigger yielding in the intersected stirrups (Figure 13a). For flexure to govern, the 

critical shear crack should remain intact (i.e. relatively small crack widths associated with low 

stirrup stresses) until the flexural capacity at the composite-to-concrete interface is mobilised.  

A numerical representation of the shear failure mode (II) is depicted in Figure 13b. The 

geometric and material properties used in this analysis are lv/hv=3.0, HEB220 size, ρl = 1.1% and 

fc = 50 MPa, whereas all other parameters remained unchanged from the baseline analysis. In the 

case of a high shear capacity at the critical crack, partially achieved using relatively adequate 

concrete strengths (as in the current numerical investigation), failure can no longer take place at 

the critical shear crack located at the tip of the shear-key and a hybrid action develops at the 

column face (Mode III). According to numerical observations, the capacity and behaviour of this 

sub-mechanism relies on the performance of the hybrid action that is a function of the shear-key-

to-concrete width ratio, concrete tensile strength, stirrup arrangement and stirrup diameters. 

Numerical studies were carried out to highlight particular aspects of the above two possible 

cases when the direct strut behaviour (Mode III) governs. A ‘weak strut-strong hybrid section’ 

was attained using a HEB200 section size with lv/hv = 4.0, whereas ‘strong strut-weak hybrid 
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section’ with a HEB200 section size with lv/hv = 5.0, whilst ρl = 1.1% and fc = 36 MPa were 

identical for both cases. For a ‘strong strut-weak hybrid section’ mechanism, the ultimate 

capacities achieved are typically a function of the existing bond between the shear-key and 

concrete (Figure 14a). In case of sufficient bond and relatively strong CCT node achieved at 

steep strut inclinations, an efficient hybrid action governs at the column face which results in a 

relatively ductile ultimate behaviour. As the bond level reduces, primarily due to lower shear-

key-to-concrete width ratios, the efficiency of the hybrid action decreases and a less ductile 

‘strong strut-weak hybrid section’ dominates. In contrast, for a ‘weak strut-strong hybrid section’ 

behaviour at ultimate (Figure 14b), the strength of the direct strut is typically governed by the 

strength of the CCT node in the plate vicinity. This is likely to occur at lower strut inclinations 

determined by the increased principal tensile strains in the node vicinity. Close inspection of the 

direct strut behaviour using an established analytical method [41], in conjunction with the strut 

and tie method, showed that the direct tensile strains proportionally decrease with the strut 

inclination, and hence, enhancement in the ultimate capacity of steeper struts would be very 

much justified. . 

4. Analytical Assessments 

Based on the results and observations from the experimental and numerical assessments, which 

cover a wide range of material and geometric parameters, a generic yet simple failure 

representation of the hybrid configurations, is discussed in this section. Test results and their 

corresponding predicted capacities are presented in Figures 15a-c for configurations exhibiting 

flexural failures, shear failures and mixed modes, respectively. The ultimate behavioural criteria 

are based on the three modes of failure described in the previous section. These are defined as 

the intersection between the representations of the three dominant fundamental modes at 

ultimate: the shear capacity at the composite-to-concrete interface [17], flexural capacity at the 

same critical section, and the hybrid capacity at the column face. The critical section defining 

each mode is presented in Figure 15a.  

To suppress inherent variations in material characteristics and to reduce potential scatter in the 

proposed criteria, the test results and their associated predicted strengths are presented in terms 

of the critical bending moment Mcr at the column face normalised against the plastic moment 

capacity Mpl of the hybrid section at the same cross-section. For all test specimens, the test 

bending moment at failure (Mcr,test = Ptest × 0.5 × rs) and the ultimate bending moment at the 
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column face (Mcr,FC = PFC × 0.5 × rs), both evaluated at the column face are presented in Table 

8..A lower-bound plastic capacity, in which full slip between the concrete and the shear-key is 

admitted, was used to evaluate the hybrid capacity at the column face Mpl. In such case, the RC 

section and the shear-key contribute to the flexural capacity of the cross-section without any 

enhancement due to bond. 

To ensure indicative comparisons with the investigated specimens, different failure criteria were 

evaluated using the various material and geometrical characteristics corresponding to each test. 

To develop further insight into the overall physical behaviour, as illustrated in Figure 15a-c, the 

proposed criteria were investigated for embedment length ratios (0<lv/rs<1) beyond the 

investigated test domain. For specimens with similar material and geometrical characteristics, 

the evaluated failure criteria, in terms of shear or flexure, show predictions within the same 

range. Hence, these are grouped in Figures 15a-c as a function of their failure mode. 

All the hybrid configurations presented in this study have been relatively rigid, with the 

reinforced concrete region governing the ultimate behaviour rather than local failures in the 

shear-key. As a result, the effective shear force distribution along the shear-key, the contribution 

from the shear-key to the overall shear force transferred to the column, and the local yielding of 

the shear-key (in flexure and shear) did not have a significant influence on the ultimate 

behaviour. The flexural capacity of the conventional RC section at the composite-to-concrete 

interface (I), was evaluated assuming a linear strain distribution along the cross-sectional depth. 

For low reinforcement ratios (ρl = 0.3%), combined with higher embedded length-to-span ratios 

beyond the investigated domain (lv/rs ≥ 0.42), the proposed failure criteria predict interfacial 

flexural failures to remain governing with no shear taking over the response at ultimate (Figure 

15a). This behaviour continues until the hybrid action at the column face is predicted to govern 

the ultimate response at lv/rs ≥ 0.72 (strong strut-weak hybrid section).  

For the investigated intermediate reinforcement ratios (ρl = 0.57%) presented in Figure 15c, a 

noticeable left-shift in the shear-flexure (S-F) inflection point, in comparison to the off-the-chart 

values associated with configurations of lower reinforcement ratios (ρl = 0.3%), can be observed. 

Consequently, a comparatively narrower predicted flexural domain for various embedment 

lengths is predicted. The same trend holds for members with higher reinforcement ratios (ρl ≥ 

1.00%), as presented in Figures 15b-c, giving rise to further decrease in the flexural domain and 

wider shear-dominance at various ranges of the embedment length.  
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For shear predictions at the Interface (II), the modified EC2 [20] shear design procedure 

proposed in a previous study by Bompa and Elghazouli [17], was adopted for shear predictions 

in the suggested failure criterion (Equations 3a-f). Unlike current guidance stipulated by EC2 

[20] for conventional RC members, for members provided with transverse reinforcement, the 

modified procedure accounts for a combined contribution from the concrete Vc and stirrups Vsw 

to the shear capacity of the hybrid specimens. In this approach, the ratio of the shear-key 

embedded length lv to the beam clear span rs (the distance between column face to the reaction 

point), as well as the composite reinforcement ratio (ρv), were used to estimate the concrete 

contribution to the shear capacity of the hybrid configurations investigated. For Specimen B25-

R10-W0-S8, in which no stirrups were provided, the shear capacity was estimated using 

Equation (3d). 

 

 

         (3a) 

where        (3b) 

and         (3c) 

  (3d) 

      (3e) 

 and 2/3 ≤ tan cr ≤ 1 (3f) 

where λv is the embedded length factor; Av is the shear-key cross-sectional area; θcr the 

inclination of the critical shear crack; b the concrete beam width; and dv the vertical distance 

from the centroid of the shear-key to the extreme concrete compression fibre. 

Following observations from Figures 15a-c, the domain for various failure modes can be 

predicted in terms of the difference between the embedded length ratio at which the shear and 

flexural capacity surfaces intersect (lv/rs)S-F and those corresponding to each specimen 
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configuration (lv/rs)member. This measure for failure mode is defined as the mode index (MI). For 

compactness, the MI was labelled only for Specimens B25-R10-W15-S4S, B25-R10-W15-S4, 

B10-R10-W20-S8 and B25-R6-W20-S8 which exhibited mixed failure modes as presented in 

Figure 15c, whilst the predicted values for (MI) for all hybrid members are presented in Table 8.  

In configurations with relatively low reinforcement ratios ρl = 0.3% (i.e. B10-R3-W20-S9, B10-

R3-W20-S9S and B25-R3-W20-S9S), it can be inferred that the specimens are located to the left 

of their corresponding off-the-chart S-F inflection point. In this case, flexural failure at the 

composite-to-concrete interface, adequately predicted by the beam bending theory, dominates 

the behaviour at ultimate. As clearly depicted in Figure 15a, the presence of a horizontal 

stiffener for specimens exhibiting flexural failure at the interface (I) had an insignificant 

influence on the observed crack patterns, as illustrated in Figures 4b,c as well as on the attained 

ultimate capacity (B10-R3-W20-S9S and B10-R3-W20-S9S in Figure 15).  

In contrast, for members with high reinforcement ratios combined with relatively high 

embedment ratios (i.e. B25-R12-W20-S16; B25-R10-W20-S11; B25-R10-W20-S11S; B25-R10-

W20-S8; B25-R10-W20-S8S), predictions of the proposed criteria show that specimens are 

located to the right of their corresponding S-F inflection point in Figure 15b (positive mode 

indices), which indicates that shear failure modes govern at ultimate. For B36-R10-W20-S8 with 

the longest shear-key, Equations (3a-f) underestimate the ultimate shear capacity by some 17%. 

This can be mainly attributed to the improvement in the ultimate shear capacity resulting from a 

direct strut between the reaction plate and the bottom flange of the shear-key, i.e. arching action. 

However, for configurations with high amounts of longitudinal reinforcement and with short 

embedment lengths (B10-R10-W20-S8), as well as others with relatively lighter reinforcement 

ratio but higher embedment lengths (B25-R6-W20-S8), the corresponding failure criteria predict 

a rather moderate mode index (MI), compared to others with ‘pure’ shear and ‘pure’ flexure, 

which confirms an associated mixed failure mode, as observed in the tests presented in Figure 

15c.  

For mixed-mode failures, flexure-dominant specimens are typically located moderately to the 

left (negative MI) of the inflection point. This is the case for B25-R6-W20-S8 in Figure 15c, for 

which noticeable shear is mobilised combined with yielding in the tensile reinforcement. 

Assumptions of linear strain cross-section compatibility cannot therefore be applied. This is 

clearly depicted by collectively noticing the shear-like crack pattern of Specimen B25-R6-W20-

S8 in Figure 4 and the corresponding load-displacement plot in Figure 3 where a visible plateau 



21 
 

close to ultimate indicates yielding in the reinforcement at the interface. Consequently, a 

resultant force acting along the shear critical crack at the interface creates a corresponding 

bending moment and adversely affects the full bending capacity of the section. This is verified 

by comparing the capacity of B25-R6-W20-S8 in Figure 15a against its corresponding proposed 

failure criteria at the same embedment ratio adopted in tests (lv/rs = 0.42). In this case, in which a 

flexure-dominant mixed failure mode governs the ultimate behaviour, the linear strain 

compatibility assumption overestimates the capacity by about 12%, and hence confirms the 

adverse effects associated with the coexistent mobilised shear. This error is expected to increase 

further for more flexure-dominant mixed configurations (i.e. lower negative mode indices, and 

hence higher coexistent mobilised shear). This can typically occur with higher reinforcement 

ratios (left shift in the corresponding S-F inflection) or longer embedded length ratios (right-shift 

in the geometrical configuration lv/rs), than those of Specimen B25-R6-W20-S8.  

For shear-dominant mixed failure modes, test configurations such as in the case of B10-R10-

W20-S8 are predicted to be located moderately to the right (positive MI) of their corresponding 

S-F inflection point as illustrated in Figure 15c. In this case, the magnitude of the MI is smaller 

compared to those for other specimens exhibiting shear failures. Although inelastic strains were 

recorded in the tensile reinforcement, only negligible effects on the predicted shear capacity 

have been observed in which a rather brittle response governed at ultimate.  

The failure representations suggested above based on the three modes identified in the 

experimental and numerical findings in this study capture, in a relatively simple manner, the 

overall ultimate behaviour of hybrid members. The proposed mode index (MI) approach, defined 

in terms of the spatial horizontal difference between the geometrical configuration of the tested 

specimens and their corresponding S-F inflection point, provides adequate predictions of the 

experimental failure modes and enables a practical assessment of the shear-flexure interaction 

level. It permits the development of simple, yet reliable analytical procedures for the design of 

steel/concrete hybrid configurations such as those investigated in this paper. Steps for strength 

assessment (which can be readily adapted for loading other than the three-point bending 

considered here), following the proposed failure criteria, are outlined below and illustrated in 

Figure 16, for Specimen B25-R10-W15-S4 (as an example): 

1. Evaluate the capacity lines for flexural failures at the composite-to-concrete interface 

(Mcr/Mpl)f, shear failures at the composite-to-concrete interface (Mcr/Mpl)s, and the capacity of 
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the hybrid action at the column face (Mcr/Mpl)H as described above. All capacity lines are 

evaluated for the different embedded length ratios from lv/rs=0 to lv/rs=1 

2. Identify the embedded length ratio for the considered hybrid member (lv/rs)member  

3. Evaluate the embedded length ratio at which the shear and flexure capacity surfaces intersect 

to develop the failure surface (lv/rs)S-F. 

4. Obtain (Mcr/Mpl)gov corresponding to (lv/rs)member. 

5. Evaluate the ultimate load following the proposed failure criteria 

PFC=(2/rs)×(Mcr/Mpl)gov×Mpl. 

In the proposed failure criteria, all shear keys are assumed to be inherently rigid (as observed in 

tests) with no local yielding in the shear-key governing the behaviour. Comparisons between the 

proposed failure criteria (FC) and a conventional design approach (CA) is presented in Table 9. 

In the latter, the strength of the member, in shear and flexure, is evaluated following European 

design recommendations: flexural failures are assumed to occur at the tip of the shear-key, 

whereas shear failures are evaluated at a distance d/2 from the column face. For this design-

oriented load path, the shear force is conservatively assumed to be fully transferred by a 

concentrated load acting at the tip of the shear-key (cantilever), and hence making it more 

susceptible to local flexural and shear yielding; the assessment procedure, assuming the 

considered three-point bending configuration, is as provided below: 

1. Assuming a linear strain distribution, evaluate the flexural capacity of the member at the tip 
of the shear-key (PCA,f) 

2. Evaluate the capacity in shear following EC2 considerations (PCA,s) 

3. Assuming that all the shear-force is transferred to the column via a point load acting at the 
free end of the shear-key (cantilever), check local flexural yield in the shear-key at the 

column face (PCA,lf) as follows:   

4. Check local shear yield in the shear-key following EC3 recommendations (PCA,ls) as follows: 

  

5. The ultimate failure load for the conventional approach is therefore PCA,u =min(PCA,f, PCA,s, 
PCA,lf, PCA,ls)  

As shown above in the conventional procedure, the contribution from the direct strut to the 

overall shear force transferred to the column is not accounted for (shear-key is assumed to fully 
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transfer the forces to the column). The effective distribution of the shear forces along the shear 

key is also neglected. Consequently, as shown in Table 9, the local flexural yielding in the shear-

key is predicted incorrectly for the hybrid specimens with the longest shear-key and smallest 

cross-section, B36-R10-W20-S8 and B25-R12-W20-S16, respectively. A detailed relevance to 

test results can be observed by referring to Table 8. 

5. Concluding Remarks  

The inelastic behaviour of hybrid RC/steel beam-to-column assemblages by means of fully 

embedded structural steel profiles was investigated in this study. To gain an insight into the 

dominant load transfer mechanisms, fourteen full-scale hybrid specimens were tested. The key 

parameters investigated directly in the tests included: shear-key-to-concrete cross sectional ratio, 

embedded length-to-depth ratio, presence of the transverse reinforcement, flexural reinforcement 

ratio and concrete strength. The specimens were designed with the aim of achieving both 

bending and shear failures within the inherent experimental constraints. 

Results from the experiments carried out in this study on hybrid members and other available 

tests on conventional RC members were used to validate the nonlinear finite element procedures 

employed. A sensitivity analysis on key material and geometric parameters was carried out to 

assess the accuracy of predicting the failure modes. All numerical results have shown good 

correlation with the overall stiffness and capacity from the tests with an average experimental-

to-predicted ultimate capacity ratio Ptest/PFE of 1.03 for the hybrid members, and 0.99 for 

conventional RC members. 

Three fundamental modes of failure typically governed the behaviour at ultimate. The observed 

key behavioural observations enabled the development of analytical failure criteria for the hybrid 

configurations investigated herein. Representative relationships for shear behaviour, together 

with expressions for flexural capacity at the composite-to-concrete interface in the RC cross-

section and equations for composite flexural capacity at the column face, were combined to 

assess the strength envelope of hybrid members. Based on experimental observations, in 

conjunction with the numerical and analytical findings, a failure mode index (MI) which may be 

used to determine the failure mode and the level of shear-flexure interaction as a function of the 

shear-key embedment length lv, was defined.  
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For specimens with low reinforcement ratios (ρl = 0.3%), no significant shear is mobilised at the 

tip of the shear-key, and therefore a linear strain assumption along the cross-section depth may 

be considered. Consequently, the assessed flexural capacity at the composite-to-concrete 

interface governs the behaviour and shows good agreement with the corresponding test results. 

Relatively high negative mode indices have been typically associated with such configurations, 

which indicate that flexural failures govern at ultimate. In contrast, for specimens with higher 

reinforcement ratios (ρl = 1.09-1.21%) and with moderate to high embedment lengths, relatively 

high positive mode indices are typically obtained, which indicates that shear governs at ultimate. 

For hybrid members without stirrups, an even higher positive MI, compared to other shear-

dominant specimens with transverse reinforcement, may be attained. This confirms the ability of 

the proposed failure criteria to capture the brittle shear failures which develop in members 

without transverse reinforcement. 

The presence of horizontal stiffeners merely contributed to the ultimate shear capacity, with no 

consistent trend observed in comparison with hybrid members without stiffeners. Variations in 

the embedment lengths and relative stiffness η generally showed minor contribution to the 

ultimate shear capacity for all specimens that developed shear failures, apart from the specimen 

with the longest shear-key (lv/hv = 3.6). In this case, arching action was mobilised and noticeable 

strength enhancement was observed in comparison with other shear-failing specimens with 

shorter shear-keys. In contrast to shear and flexure failures, relatively low to intermediate mode 

indices were predicted for mixed failure modes. For the specimen with intermediate 

reinforcement ratio (ρl = 0.57%), the predicted low mode index reflects well the flexure-

dominant mixed failure mode from tests. This is further validated from the assessment of 

flexural capacity following a linear assumption which showed 12% higher capacity than that 

recorded in the tests. This confirms the adverse effects from the coexistent shear at the critical 

section located at the tip of the shear-key. Similar to the above flexure-dominant mixed mode, 

relatively low positive mode indices are predicted for specimens exhibiting a shear-dominant 

mixed failure mode.  

Finally, it is shown that the presence of the shear-key can be expressed as an end structural steel 

support with varying stiffness. In this analogy, the member tends towards a RC beam with high 

stiffness ratios η and inherently strong surface bond (perfect end support). Consequently, the 

hybrid flexural lever arm in such a case can adequately mimic the beam clear span through 

which existing RC design provisions for shear and flexure can be applied. In contrast, for 
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smaller shear-key cross sections, with the concrete dimensions kept unchanged, the relative 

stiffness between the RC and hybrid regions reduces, and a hybrid action at the column face 

defines the response. Overall, it is shown that the proposed mode index (MI) offers a reliable and 

practical analytical approach for the design of such steel/concrete hybrid configurations. 
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Nomenclature 
 

Greek letters 
δPtest – mid-span deflection at peak load 
δu,test – ultimate mid-span deflection  
ε – strain 
εi – strain corresponding to peak load 
η– stiffness ratio 
κc – shape of the deviatoric plane 
θcr - the inclination of the critical shear crack; 

λv - embedded length factor 
μf – friction coefficient 
ν – viscoplastic regularisation factor 
ρl – flexural reinforcement ratio 

ρw – transverse reinforcement ratio 
ψ – dilation angle 

ϵ – eccentricity 
σt –arbitrary tensile stress 
  
Lowercase latin letters 
av - hybrid shear span  
 b  - concrete section width 
c,cmax - material cohesion  
d – bending effective depth 
dv - the vertical distance from the centroid of the shear-key to the extreme concrete compression 
fibre 
dbl – longitudinal bar diameter 
dc – compression damage parameter 
dmax – maximum aggregate size 
dt – tension damage parameter 
fb0 – concrete compressive biaxial strength 
fc, fcc – concrete cylinder compressive strength 

fc,28d - concrete cylinder compressive strength at 28 days 
fct – tensile strength of concrete used in numerical simulations 

fsp – concrete splitting strength 

fy  - steel yield strength  
fu   -steel tensile strength and  
h – concrete section depth  
hmesh – mesh size  
ls – member moment span  
lv – shear-key embedment length 

sw – stirrup spacing 
w –arbitrary crack opening displacement 
wc –maximum crack opening displacement 
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Uppercase latin letters  
Asl – longitudinal reinforcement amount 
Asw – transverse reinforcement amount 
Av - is the shear-key cross-sectional area;  
Ec – concrete elastic modulus 
Eci – degraded concrete elastic modulus 
Es – steel elastic modulus 
Esh – Structural steel and reinforcement strain hardening modulus 
Ev – shear-key elastic modulus  
Ic – concrete section moment of inertia 

Iv - shear-key moment of inertia 
Gc – concrete crushing energy 
Gf – concrete fracture energy 
L – member length 
Mcr,test – The bending moment at failure in tests, evaluated at the column face 
Mcr – The ultimate predicted bending moment by the failure criteria, evaluated at the column 
face  
Mpl – The plastic capacity of the hybrid cross-section assuming complete slip, evaluated at the 
column face. 
Ptest –test strength 
PFE –strength from numerical simulations 
PFC – strength from failure criterion 

Vmesh – mesh volume 

 

Subscripts 
c – concrete, compression 
calc – computed 
max – maximum 
mesh – mesh 
s – steel/reinforcement 
sh – strain hardening 
sw – transverse reinforcement 
t - tension 
test – ultimate test 
v – shear-key 
u - ultimate 
FE – finite element 
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Tables 
 

Table 1 Specimen details 

Specimen 
Shear-

key 
RC cross 
section 

lv 
(mm) 

ls 
(mm) 

d 
(mm) 

ρl 
(%) 

ρw 
(%) 

fc 
(MPa 

fc,28d 

(MPa) 

fsp 
(MP
a) 

Age 
(days) 

B25-R10- 
W0-S8b 

HEB200 
B360 
×455 

500 2600 409 1.09 - 28.6 29.1 2.36 39 

B10-R10- 
W20-S8b 

HEB200 
B360 
×455 

200 2600 412 1.09 0.19 27.3 29.1 2.36 28 

B25-R10- 
W20-S8b 

HEB200 
B360 
×460 

500 2600 410 1.09 0.19 34.3 37.1 2.96 31 

B36-R10- 
W20-S8b 

HEB200 
B360 
×455 

720 2600 408 1.09 0.19 29.9 29.1 2.36 35 

B25-R12- 
W20-S16b 

UC152 
B340 
×435 

400 2300 391 1.21 0.20 28.7 29.1 2.36 50 

B10-R3- 
W20-S9c 

HEB200 
B360 
×460 

200 2600 425 0.30 0.19 43.0 36.3 3.19 48 

B10-R3- 
W20-S9Sa,c 

HEB200 
B360 
×460 

200 2600 420 0.30 0.19 43.8 36.3 3.19 41 

B25-R3- 
W20-S9Sa,c 

HEB200 
B360 
×460 

500 2600 415 0.30 0.19 40.4 36.3 3.19 43 

B25-R6- 
W20-S8bd 

HEB200 
B360 
×460 

500 2600 415 0.57 0.19 30.3 37.1 2.96 27 

B25-R10- 
W20-S11b 

HEB180 
B350 
×450 

450 2450 405 1.14 0.19 36.1 37.1 2.96 66 

B25-R10- 
W20-S11Sa,b 

HEB180 
B350 
×450 

450 2450 402 1.11 0.19 39.8 36.3 3.19 36 

B25-R10- 
W20-S8Sa,b 

HEB200 
B360 
×460 

500 2600 415 1.08 0.19 35.9 37.1 2.96 50 

B25-R10- 
W15-S4b 

HEB220 
B460 
×380 

550 2600 340 1.03 0.15 37.9  2.85 33 

B25-R10- 
W15-S4Sa,b 

HEB220 
B460 
×380 

550 2600 340 1.03 0.15 37.0  2.65 46 

a Specimens provided with intermediate stiffeners 
b Specimens provided with 2ϕ20 + 2ϕ25 tension reinforcement and 4ϕ12 at bottom; 
c Specimens provided with 4ϕ12 tension reinforcement and 2ϕ12 at bottom. 
d Specimen provided with 2ϕ12 + 2ϕ20 tension reinforcement and 2ϕ12 at bottom 
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Table 2 Steel material properties 
Specimen fy0.2%  (MPa)  fu (MPa) εu   (%) 
HEB220 446 557 32.8 
HEB200 401 530 14.5 
HEB180 444 579 30.0 
UC152 369 493 26.4 

25 mm rebar (a)  628 729 13.8 
20 mm rebar (a)  583 704 12.0 
12 mm rebar (b) 545 594 13.7 
12 mm rebar (c) 525 617 12.2 
8 mm rebar (a)  592 695 6.39 

25 mm rebar  (d) 557 668 9.70 
20 mm rebar (d) 545 649 11.3 
12 mm rebar (d) 541 640 11.6 
8 mm rebar (d) 518 603 8.90 

Notes: fy0.2% = 0.2% proof stress, fu = tensile strength and εu = the elongation after fracture; 
(a) all members except B25-R10-W15-S4 and B25-R10-W15-S4S 
(b) all members except B10-R3-W20-S9, B10-R3-W20-S9S,  B25-R3-W20-S9S, B25-R10-W20-
S11S 

(c) B10-R3-W20-S9, B10-R3-W20-S9S, B25-R3-W20-S9S, B25-R10-W20-S11S 
(d) Specimens B25-R10-W15-S4 and B25-R10-W15-S4S 
Cross-sectional dimensions: 
For HEB220: bv × tf/dv × tw/Av = 220 mm × 16 mm/220 mm × 9.5 mm/9100 mm2. 
For HEB200: bv × tf/dv × tw/Av = 200 mm × 15 mm/200 mm × 9 mm/7810 mm2. 
For HEB180: bv × tf/dv × tw/Av = 180 mm × 14 mm/200 mm × 8.5 mm/6530 mm2. 
For UC152: bv × tf/dv × tw/Av = 154.4 mm × 11.5 mm/161.8 mm × 8 mm/4719 mm2 
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Table 3 Test measurements and numerical predictions  

Specimen 
Shear-

key 
lv/hv 

Ptest 
(kN) 

δPtest/δu,test 
(mm) 

θcr (°) PFE 

(kN) 
Ptest / PFE 

(-) 
Failure mode 

B25-R10-W0-S8 HEB200 2.5 350 -/5.5 40 370 0.95 Shear 
B10-R10-W20-S8 HEB200 1.0 647 -/18.2 42 676 0.96 Shear-Flexure 
B25-R10-W20-S8 HEB200 2.5 710 - /14.9 36 657 1.08 Shear 
B36-R10-W20-S8 HEB200 3.6 788 -/16.2 44 714 1.10 Shear 

B25-R12-W20-S16 UC152 2.5 653 -/12.2 37 606 1.08 Shear 
B10-R3-W20-S9 HEB200 1.0 206 8.1/16.4 N/A 202 1.02 Flexure 

B10-R3-W20-S9S HEB200 1.0 203 9.7/16.8 N/A 205 0.99 Flexure 
B25-R3-W20-S9S HEB200 2.5 280 9.2/13.5 N/A 250 1.12 Flexure 
B25-R6-W20-S8 HEB200 2.5 492 16.6/18.6 N/A 477 1.03 Flexure-Shear 

B25-R10-W20-S11 HEB180 2.5 713 -/13.7 46 680 1.05 Shear 
B25-R10-W20-S11S HEB180 2.5 753 -/15.9 45 723 1.04 Shear 
B25-R10-W20-S8S HEB200 2.5 747 -/16.3 40 735 1.02 Shear 
B25-R10-W15-S4 HEB220 2.5 627 -/15.3 39 614 1.02 Shear-Flexure 

B25-R10-W15-S4S HEB220 2.5 604 -/19.2 44 609 0.99 Shear-Flexure 
   -   Avg. 1.03  
   -   COV 0.05  

 
 

Table 4 Input parameters used for baseline RC specimen B2 

Model ψ ϵ fb0/fc κc  ν 
Gc 

(Nmm/mm2) 
Uniaxial 

compression 
Uniaxial 
tension 

Baseline 
analysis 

25 0.1 1.167 0.667 3×10-6 8.044 
 

Feenstra [25] Hordijk [27] 

 

 

Table 5 Specimens details [22] and numerical predictions for conventional RC beams 
Spe-

cimen 
b 

(mm) 
L  

(mm) 
ls    

(mm) 
fc    

(MPa) 
Ec  

(GPa) 
fsp  

(MPa) 
Asl 
(-) 

Asw 
(-) 

PFE 

(kN) 
Ptest 

(kN) 
 Ptest / 
PFE(-) 

OA2 305 5010 4570 25.9 32.9 3.37 3×M30+2×M25 - 299 320 1.07 
B1 229 4100 3660 22.6 36.5 2.37 2×M30+2×M25 D5/190 441 434 0.98 
B2 229 5010 4570 25.9 32.9 3.37 2×M30+2×M25 D5/190 387 365 0.94 
B3 229 6840 6400 43.5 34.3 3.13 3×M30+2×M25 D4/152 356 342 0.96 

          Avg. 0.99 
          COV 0.06 
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Table 6 Steel properties of the conventional RC beams [22] 

Steel 
Diameter 

(mm) 
fy (MPa) fu (MPa) Es (GPa) 

M10 11.3 315 460 200 
M25a 25.2 440 615 210 
M25b 25.2 445 680 220 
M30 29.9 436 700 200 
D4 3.7 600 651 200 
D5 6.4 600 649 200 

afor Series 2 in [22] 

bfor Series 1 and 3 in [22] 

 

Table 7 Geometrical and material properties for numerical models used in the failure mode 
assessment 

Model 
Shear-

key 
RC cross 
section 

η (-) 
lv 

(mm) 
lv/hv   
(-) 

d 
(mm) 

ρl 
(%) 

ρw 
(%) 

fc 
(MPa) 

fct 

(MPa) 
B25-R10-W20-S11 180 B350×450 11 450 2.5 405 1.14 0.19 36.1 2.66 

Num (I) 220 B350×450 12 110 0.5 405 1.14 0.19 50.0 2.66 
Num (II) 220 B350×450 12 660 3.0 405 1.14 0.19 50.0 2.66 

Num (III)-1a 200 B350×450 10 800 4.0 405 1.14 0.19 36.1 2.66 
Num (III)-2b 200 B350×450 10 1000 5.0 405 1.14 0.19 36.1 2.66 
aWeak strut- strong hybrid section; bStrong strut- weak hybris section  

 

Table 8 Capacity predictions and failure mode assessment using the proposed criterion 

Beam reference 
Ptest 

(kN) 
PFC 
(kN) 

Ptest  
/PFC (-) 

Mcr,test 

(kN.m) 
Mcr,FC 

(kN.m) 
Mpl 

(kN.m) 
Failure mode 

Mode Index 
(MI)  

lv/rs (-) 

B25-R10-W0-S8 350 335 1.04 206.5 198.1 620.5 Shear N/Ac 
B10-R10-W20-S8 647 616 1.05 381.7 363.9 623.3 Shear-Flexure +0.17d 
B25-R10-W20-S8 710 673 1.05 418.9 397.5 626.6 Shear +0.34 d 
B36-R10-W20-S8 788 672 1.17a 464.9 396.7 621.0 Shear +0.6 d 

B25-R12-W20-S16 653 605 1.08 336.2 311.8 449.4 Shear N/Ac 
B10-R3-W20-S9 206 204 1.01 121.5 120.7 357.2 Flexure N/Ac 

B10-R3-W20-S9S 203 203 1.00 119.7 120.0 356.1 Flexure N/A c 
B25-R3-W20-S9S 280 287 0.98 165.2 169.3 354.5 Flexure N/A c 
B25-R6-W20-S8 492 553 0.89b 290.2 326.7 445.2 Flexure-Shear -0.08 e 

B25-R10-W20-S11 713 662 1.08 393.9 366.1 578.9 Shear N/Ac 
B25-R10-W20-S11S 753 675 1.12 416.0 373.3 578.0 Shear +0.4 d 
B25-R10-W20-S8S 747 688 1.09 440.7 406.4 632.5 Shear +0.39 d 
B25-R10-W15-S4 627 668 0.94 369.9 394.6 649.9 Shear-Flexure +0.21 d 

B25-R10-W15-S4S 604 664 0.91 356.3 392.0 649.5 Shear-Flexure +0.21 d 
Mean - - 1.03      
COV   0.08      

a arch action governs; b reduction in the cross-sectional bending capacity by the coexistent shear 
stresses; c Beyond the experimental domain; d positive mode indices indicating specimens falling 
right of the S-F inflection point in Figure 15 (pure-shear or shear-dominant mixed failures); e 
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negative mode indices indicating specimens falling left of the S-F inflection point in Figure 15 
(pure-flexure or flexure-dominant mixed modes). 

 Table 9 Comparison between the proposed failure criteria and the conventional design approach 

Specimen 
Failure criteria  Conventional design approach 

PFC Mode  PCA,f PCA,s PCA,lf PCA,ls PCA,u  Mode 

B25-R10-W0-S8 335 S  1070 283 1030 1150 283 S 

B10-R10-W20-S8 616 S-F  747 735 2576 1150 735 S 

B25-R10-W20-S8 673 S  1090 731 1030 1150 731 S 

B36-R10-W20-S8 672 S  1610 728 715 1150 715 LF 

B25-R12-W20-S16 605 S  1130 697 457 611 457 LF 

B10-R3-W20-S9 204 F  204.6 758 2576 1150 204 F 

B10-R3-W20-S9S 203 F  203 749 2576 1150 203 F 

B25-R3-W20-S9S 287 F  287 740 1030 1150 287 F 

B25-R6-W20-S8 553 F-S  553 740 1030 1150 553 F 

B25-R10-W20-S11 662 S  1120 722 949 1040 722 S 

B25-R10-W20-S11S 675 S  1110 717 949 1040 717 S 

B25-R10-W20-S8S 688 S  1100 740 1030 1150 740 S 

B25-R10-W15-S4 668 S-F  892 530 1341 1435 530 S 

B25-R10-W15-S4S 664 S-F  891 530 1341 1435 530 S 
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Figures 
 

 

 

Figure 1 Test rig setup: (a) three-dimensional outline; (b) general overview  
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Figure 2 Hybrid specimen schematic: (a) longitudinal profile; (b) cross-sectional view; and (c) 
cross-sectional view (specimens with horizontal stiffeners) 

 

 
Figure 3 Load - central displacement 
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Figure 4 Crack patterns from tests  
 

 

Figure 5 Typical failure patterns: (a) flexural yielding at the interface (I) for narrow hybrid 
specimens with b/h=0.8 (B25-R3-W20-S9S); (b) shear failure (II) for narrow hybrid specimens 

(b/h=0.8); and (c) Shear-flexure failure for wide hybrid specimens (b/h=1.21) 
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 Figure 6 Representation of the finite element model for the reinforced concrete members: (a) 
boundary conditions, (b) reinforcement  

 

 

 

 

Figure 7 Sensitivity analysis for beam B2: (a) Mesh size; (b) dilation angle; (c) parameter κc; d) 
viscosity parameter (ν); (e) concrete tension stiffening; and (f) concrete fracture energy in 

compression (Gc)  
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Figure 8 Predicted load-displacement response for conventional RC members: (a) Specimen 
OA2, (b) Specimen B1, (c) Specimen B2, (d) Specimen B3 

 

 

 

Figure 9 Representation of the finite element model for the hybrid specimens: (a) boundary 
conditions, (b) column-shear-key alignment and reinforcement  
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Figure 10 Predictions of the load-displacement responses for the hybrid specimens. 
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Figure 11 Correlations between measured and predicted strains of the hybrid specimens.  
 

 

 

Figure 12 Predicted critical crack for: (a) typical flexure failures (B10-R3-W20-S9S); and (b) 
typical shear failures (B25-R10-W20-S8S)  
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Figure 13 The member response and failure schematic: (a) flexural failure at interface (I) and 
(b) shear failure at interface (II)  

 

 

 

 

Figure 14 The member response and failure schematic of direct strut behaviour (III) at ultimate 
(a) strong strut-weak hybrid section, (b) weak strut-strong hybrid section  
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a) 

 

b) 
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c) 

 

Figure 15 Proposed failure criteria for hybrid specimens exhibiting: (a) flexural failure modes, 
(b) shear failure modes, (c) mixed failure modes (shear-dominant and flexure-dominant) 

 

 

 Figure 16 Schematic representation of the proposed failure criteria (FC) 
 


