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ABSTRACT. Steel-concrete joints are often made by welded shear studs. 
However, this connection reduces the fatigue strength, especially in situations 
where locally concentrated loads occur with a large number of load cycles e.g. 
in bridge decks. In this paper the shear bond strength between steel and ultra-
high performance concrete (UHPC) without welded mechanical shear 
connectors is evaluated through push-out tests and a generalized fracture 
mechanics approach based on analytical and finite element analyses. The 
connection is achieved by an epoxy adhesive layer gritted with granules. In the 
tests, specimens made with various manners of preparation of the epoxy 
interlayer are tested experimentally. Numerical-analytical 2D and 3D 
modelling of a steel-concrete connection is performed without and with the 
epoxy interlayer. The model of a bi-material notch with various geometrical 
and material properties is used to simulate various singular stress 
concentrators that can be responsible for failure initiation. Thus conditions of 
crack initiation can be predicted from knowledge of the standard mechanical 
and fracture-mechanics properties of particular materials. Results of the 
fracture-mechanics studies are compared with each other and with 
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experimental results. On the basis of the comparison, the 2D simulation of 
the steel-concrete connection without the epoxy interlayer is shown to be 
suitable for the estimation of failure conditions. 
  
KEYWORDS. Fracture mechanics; Steel-concrete joint; Epoxy adhesive; 
Interfacial properties, Push-out test; Numerical study. 
 

 
INTRODUCTION 
 

ften, concrete and steel are combined in structural elements. The tensile strength of steel and the compressive 
strength of concrete co-operate, but a good connection between both materials is required to obtain the level of 
structural performance. Mechanical shear connectors of various types, welded on the steel surface, are often 

applied to ensure this connection. However, since the 1960’s [1] adhesive bonding techniques have been tested by various 
authors. In this way stress concentrations generated by the stud connectors are avoided and welding is unnecessary. The 
latter is advantageous in view of fatigue. In recent years, adhesive bonding has become an accepted technique for 
strengthening reinforced concrete structures with steel plates [2, 3] or more common CFRP (carbon fibre reinforced 
polymer) plates [4-6]. Additionally, the technique is also valuable for steel-concrete composite beams [7-12]. In order to 
evaluate the bonding resistance and to study the failure mechanisms, most often push-out tests are performed [10-13]. In 
this paper the results of such tests, together with the influences of changes to various parameters, will be the base of a 
generalized fracture mechanics based analysis.  Such an analysis is necessary since typical push-out tests may exhibit failure 
at the steel to concrete, steel to adhesive or adhesive to concrete interfaces. Such critical points can be modelled as bi-
material notches. The notches of this kind are general singular stress concentrators. Whereas cracks in components can be 
assessed by standard fracture mechanics approaches using comparison of the stress intensity factor (SIF) with its critical 
value (fracture toughness), in case of presence of bi-material interface, approaches of this kind cannot be used. The test 
specimens are assessed here from the generalized linear elastic fracture mechanics point of view [14-16]. Using analytical-
numerical approaches, the test configuration is evaluated in order to estimate the critical applied load corresponding to 
failure initiation in locations of the stress concentration. In the first part of the paper, the generalised fracture mechanics 
approach and its application for this problem will be explained,  in the second part, the experimental work will be addressed, 
where in the third part the numerical study will demonstrate the applicability of the method for assessment of the failure of 
a bonded steel-concrete joint. 
 

FRACTURE MECHANICS APPROACH TO A BI-MATERIAL NOTCH 
 

he stress distribution in the vicinity of a bi-material notch tip is found in the form of the sum of singular terms 
corresponding to two singularity exponents pk, where k = 1, 2. Therefore, the singular stress components can be 
expressed in the form (Eq. 1): 
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where the subscripts i, j denote the polar coordinates (r, θ) (the origin of the polar coordinate system is in the notch tip) and 
the subscript m = 1, 2 refers to material 1 or 2 (Fig. 1). Expressions Hk for k = 1, 2 are the generalized stress intensity factors 
(GSIF) which result from a numerical solution for given boundary conditions. Fijkm are known functions of polar 
coordinates, geometry and materials of the notch [16-17]. In order to estimate conditions of failure of specimens with a bi-
material notch, generalized stability criteria must be used. Those criteria describe conditions of fracture initiation from the 
stress concentrator, and do not consider the conditions of consequent crack propagation. Stability criteria are suggested 
with the help of a controlling magnitude which is well defined in the case of a crack in homogeneous material and in the 
case of a bi-material notch as well. Moreover the controlling magnitude has the same meaning in both cases (crack and 
notch). Such a magnitude can be represented by an average value of tangential stress, or an average value of the strain energy 
density factor, for details see [16]. 
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Figure 1: A bi-material notch (with corresponding polar co-ordinate system) 
 

In this paper the modified maximum tangential stress (MTS) criterion [18] is used. The average value of the tangential stress 
is evaluated over a certain distance d: 
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The distance d has to be chosen with respect to the mechanism of a failure, e.g. as a function of a size of material grain. It 
can be related to a fracture process zone (in the case of quasi brittle materials) or it can be gained by means of approaches 
presented in [19] or [20]. By analogy with cracks in the homogeneous case (MTS criterion [18]) it is assumed that the crack 

at the bi-material notch tip is initiated in the direction θ0 where , ( )m   has its maximum. Furthermore, it is assumed that 

the crack is initiated when , 0,( )m m   reaches its critical value , 0,( )m mC   that is ascertained for a crack in homogeneous 

media. When assessing a bi-material notch, even a simple discontinuity of fracture toughness can cause incongruity between 
the direction of the global maximum of the mean tangential stress (Eq. 2) and the direction of the fracture initiation. The 
maximum value of the mean tangential stress is often found in the material m with higher Young’s modulus Em. But, if the 
stiffer material is tougher as well, the fracture might initiate not into the tougher material, but into the other material in the 
direction of the local maximum or into the bi-material interface. This question has to be answered with help of a stability 
criterion covering the fracture mechanics properties of both materials and the interface [24]. For the case of the steel-
concrete joint, Fig. 2 shows a detail of the distribution of the tangential stress  near the notch tip and Fig. 3 shows the 
dependence of the mean value of tangential stress on the polar coordinate θ for two averaging distances d = {0.5, 1} mm. 
The distances were chosen correspondingly to the size of the region with a high gradient of the stresses. The direction θ = 
0° corresponds to the interface between two materials (steel and concrete). From these figures it is clear that the global 
maximum of the mean value of tangential stress is oriented into steel (θ0,m=2). Nevertheless, it is difficult to imagine fracture 
initiation into the steel. Thus the maxima in the other material (concrete) and at the interface corresponding to the direction 
θ0,m = 1 = θ0,interface = 0° have to be considered in the stability criterion as well. 
The manners of potential failure initiation and propagation are shown in Fig. 4. A crack can initiate into the substrate in the 
direction θ0,m=2 (a), into the interface θ0,interface = 0° (b), or parallel to the interface into the upper material layer in the direction 
θ0,m=1 = 0° (c). In the paper only conditions of fracture initiation are studied. Therefore, the stress state before fracture 
initiation (stress singularity exponents and GSIFs corresponding to the notch without a crack) is considered for fracture 
initiation into massive materials and into the interface as well. As to the competition between the crack initiation manners, 

the modified MTS criterion assumes crack initiation when , 0,( )m m   reaches its critical value , 0,( )m mC  , which depends 

on the fracture toughness KIC of a homogeneous material. For a crack in a homogeneous material under mode I of loading 
we obtain (the direction of assumed crack propagation corresponds to θ0 = 0°): 
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Then, in order to find the direction and conditions of the crack initiation, the critical value of GSIF has to be ascertained 
from the comparison of Eq. 3 and Eq. 2 under critical conditions. Following the assumption of the same mechanism of a 
rupture in both cases (crack and notch) we obtain an expression for the H1C,m value: 
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Figure 2: Distribution of the tangential stress  around a rectangular bi-material notch [MPa]. 

 

 
Figure 3: Distribution of the mean value of the tangential stress  as a function of . 

 

Figure 4: Possible crack initiation and failure propagation types. 
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The values H1C,m are evaluated for both materials and the interface (m = {1, 2, interface}) and they depend on the fracture 
toughness KIC,m. Therefore, the critical values H1C,m can be called generalized fracture toughness of the notch. It may be 
noted that the shape functions are evaluated for the corresponding directions θ0,m as well, and the direction and material of 
supposed fracture initiation correspond to the direction of the minimum of the values H1C,1(θ0,1), H1C,1(θ0,2), and 
H1C,1(θ0,interface = 0). 
Finally the stability criteria can be expressed by means of GSIFs: 
 

 1 1Crit 1 ,1 0,1 1 ,2 0,2 1 ,interface 0min ( ), ( ), ( 0)C C CH H H H H          (5) 

 
The critical applied force can be evaluated as: 
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Fracture is not initiated in the notch tip if the GSIF (gained from a numerical solution) is lower than H1Crit determined as 
the minimum of the critical values or equivalently. This is if the applied force is lower than its critical value FCrit from Eq. 6. 
The values of generalized fracture toughness are gained e.g. from Eq. 4. 

 
 

EXPERIMENTAL OBSERVATION 
 

Test setup 
he dimensions of the push-out specimens, based on Aboobucker et al. [13], are shown in Fig. 5. In this setup a 
rectangular concrete block is pushed in between 2 steel plates. All samples are tested at the age of 7 days by means 
of push-out tests at a constant rate of 1 kN/s as shown in Fig. 6. Load spreaders with a width of 75 mm are used 

to convey the applied load to the concrete’s top surface, generating a shear stress in the steel-concrete connection. Two dial 
gauges are connected to the steel plates to measure the slip between concrete and steel. In order to exclude unevenness of 
the test specimen, one fixed and one roller support are used. In total 28 specimens have been tested in two series.  

 
 

 
Figure 5: Dimensions of push-out test specimens [mm] 

 
Materials 
Sandblasted steel plates (S235) with a thickness of 10 mm are used. The width of these plates is chosen larger than the 6 mm 
in [21] or the 8 mm in [13] in order to be confident about the absence of unwanted supplementary peeling stresses caused 
by plate bending due to minute tolerances. They are cleaned with acetone before application of the adhesive layer to remove 
grease, oil, and dust, in order to achieve a better bonding performance. The following two types of adhesives used 
alternatively in these experiments are two-component epoxy resins. The first (rigid) adhesive is applied with a toothed 
paddle. Hence, this adhesive layer (epoxy 1) has vertical (as in the direction of loading) or horizontal ridges, and a minimum 
thickness of 2 mm with 2 mm ridges. After applying the epoxy resin mixed with hardener on the steel plates, the layer is 
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gritted with river gravel 2/4 or crushed stone 2/4 (Fig. 7). The second type of the adhesive is more fluid and is applied on 
the steel plates with a paint roller. The average thickness is only 1.5 mm. In this case, the adhesive layer is gritted with steel 
grit 1/2 (nominal grain size 1 to 2 mm), as seen in Fig. 8. Material properties of the epoxy interlayer are considered only for 
numerical calculations. For that purpose elastic constants and fracture toughness are necessary. Young’s modulus E = 4750 
MPa, Poisson’s ratio  = 0.39, and fracture toughness KIC = 1.4 MPam1/2.  

 

        
Figure 6: Test setup for push out tests 

 
 

   
(a) (b) (c) 

Figure 7: Epoxy gritting: river gravel (a), crushed stone (b), and steel grit (c). 
 

Density 
[kg/m³] 

fcm  
[MPa] 

fctm  
[MPa] 

fctm,fl  
[MPa] 

Ecm  
[MPa] 

2 450 130 8.5 32 38 000 
 

Table 1: UHPC properties. 
 

The test samples are cast with an ultra-high performance concrete (UHPC) premix REFOR-tec® GF5/ST-HS, produced 
by Tecnochem Italiana S.p.A. This is a tri-component cement based product (powder, liquid, and fibers), which combines 
the self-levelling rheology with enhanced physico-mechanical properties and ductility. Tab. 1 lists some important 
characteristics of this concrete according to EN 1504-3, from the technical data sheet [22]. In this table, fcm is the mean value 
of concrete cylinder compressive strength, fctm the mean value of axial tensile strength of concrete, fctm,fl the mean value of 
flexural tensile strength of concrete, and Ecm the secant modulus of elasticity of concrete. 
A total of 28 specimens were cast (7 types - 4 of each type), and are listed in Tab. 2. Of these, test member 0-0-0 is prepared 
without an adhesive layer. Specimen 1-S-0 is made by attaching a hardened concrete prism with epoxy 1 to the steel plates 
under pressure in order to obtain the best adhesion between both smooth layers. Specimen 0-0-0 represents a reference for 
a steel concrete connection without adhesive layer, but with suitable preparation (sand blasting, cleaning). This does not 
correspond to an untreated connection, which according to Eurocode 1994-1-1 [23] has a shear strength of 0.6 MPa. 
Specimen 1-S-0 represents a reference for strengthening reinforced structures with smooth surface without concrete jetting 
or equivalent roughness creation. For the other specimens, the adhesive layer is applied and gritted with aggregates as 
described before. According to the specifications of the adhesive manufacturers, the curing time of the epoxy resins is 24 

Load spreader

Dial gauges
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hours. After the curing of the adhesive layer, the UHPC mixture is poured into the mould, between the prepared steel plates. 
The test samples are demoulded after 24 hours, sealed and stored under water at 20 ± 2 °C until the age of testing at 7 days. 
  

Name Epoxy 1 Epoxy 2 Smooth 
Ridges 
Hor. 

Ridges 
Vert. 

Agg A Agg B Agg C 

0-0-0         

1-S-0 x  x      

1-R-H-a x   x  x   

1-R-V-a x    x x   

1-R-H-b x   x   x  

1-R-V-b x    x  x  

2-S-c  x      x 
 

Table 2: Determination of push-out specimens. 
 
 

  
(a) (b) 

Figure 8: Debonded surfaces specimen 0-0-0: steel side (a) and concrete side (b). 

 

 

  
(a) (b) 

Figure 9: Debonded surfaces specimen S-S-0: steel side (a) and concrete side (b). 
 
Results and discussion 
From the experimental measurement it was ascertained that all test specimens exhibited a concrete-adhesive or concrete 
failure. For all 1-R specimens, most of the gritted aggregates are pulled out of the adhesive layer, causing a loss of bonding 
between epoxy and concrete. Only for specimens 2-S-c, full concrete failure is observed. Steel and concrete surfaces after 
debonding can be seen in Figs. 8 to 14.  
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(a) (b) 

Figure 10: Debonded surfaces specimen 1-R-H-a: steel side (a) and concrete side (b). 

 

  
(a) (b) 

Figure 11: Debonded surfaces specimen 1-R-V-a: steel side (a) and concrete side (b). 
 

  
(a) (b) 

Figure 12: Debonded surfaces specimen 1-R-H-b: steel side (a) and concrete side (b). 
 

  
(a) (b) 

Figure 13: Debonded surfaces specimen 1-R-V-b: steel side (a) and concrete side (b). 
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(a) (b) 

Figure 14: Debonded surfaces specimen 2-S-C: steel side (a) and concrete side (b). 
 

 

Test specimen Fm [kN] τm [MPa] sm [mm] 

0-0-0 115 (21) 1.51 (0.28) 0.02 (0.01) 

1-S-0 222 (45) 2.92 (0.59) 0.05 (0.03) 

1-R-V-a 214 (44) 2.82 (0.57) 0.01 (0.01) 

1-R-H-a 227 (29) 2.99 (0.38) 0.01 (0.01) 

1-R-V-b 177 (49) 2.33 (0.64) 0.02 (0.01) 

1-R-H-b 207 (53) 2.73 (0.70) 0.02 (0.02) 

2-S-c 353 (85) 4.65 (1.12) 0.03 (0.01) 
 

Table 3: Results (mean value and STDEV) of push-out tests. 

 

 
Figure 15: Results of push-out tests (graphical representation). 

 
Tab. 3 and Fig. 15 summarize the mean values and standard deviations (STDEV) of the failure load F, the shear bond stress 
τn, and the according maximum relative slip sm for the different push-out specimens. In this, the average shear bond stress 
is given by Eq. 7. 
 

2 200 190n

F F

A
  

 
 [N/mm2]        (7) 

 
From the values of Tab. 3 and Fig. 15 it can be concluded that the application of an epoxy adhesive layer improves the shear 
bond strength between steel plates and concrete. In addition, that test specimens 1-S-0 show a mean bond strength similar 
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to the samples with a gritted adhesive layer. However, it should be noted that these specimens are fabricated by gluing the 
steel plates on the concrete core under pressure, which improves the bond performance between steel and concrete. When 
push-out members with a gritted adhesive layer are mutually compared, it is clear that the experimental results for τn show 
no significant differences. It can be concluded that the use of river gravel or crushed stone as aggregates and the application 
of the epoxy A adhesive layer with vertical or horizontal ridges have a negligible influence on the resulting shear bond 
strength. Samples 2-S-C have the largest mean shear bond stress of all the tested samples. An explanation can be found in 
both the epoxy type, which has a higher fluidity containing less air bubbles, and the smaller gritted granules, creating a 
rougher adhesive layer surface. Thus the interfacial properties are improved markedly. 

 
 

NUMERICAL MODELLING OF THE PUSH-OUT TEST 
 

General characteristics of the finite element analysis model 
 necessary part of the fracture mechanics assessment is numerical modelling of the test specimen. Various types of 
epoxy interlayer and aggregates serve as a tool for good adhesion between steel and concrete. From that point of 
view, a 2D model without epoxy interlayer, and 2D and 3D models with epoxy interlayer are analysed within 

numerical modelling. The push-out specimen is symmetrical according to its vertical axis, therefore only half of the specimen 
was modelled in three levels in the finite element method (FEM) software ANSYS. All the calculations serve as a part of 
linear elastic fracture mechanics assessments. Thus linear elastic properties of materials are considered. 
First, the 2D model of the steel and concrete parts without an epoxy interlayer is performed. Second, the 2D model of the 
steel-epoxy-concrete connection is used. Finally, the 3D model respecting the grooved surface of the epoxy interlayer is 
analysed. The three models exhibit different stress concentrators in the details I and II (see Fig. 16). These details are further 
clarified in Fig. 17. It should be noted that the FEM models in Fig. 17 are rotated 90° anticlockwise. In the analysis, the 
stress concentrators in the specimen are evaluated individually.  

 

 Figure 16: Geometry and material characteristics of the specimen. 
 

2D steel-concrete FEM model 
This plane-strain model is the simplest one and it contains two singular stress concentrations caused by the connection of 
the major material components steel and concrete. Both bi-material notches A and B (see Fig. 17a) were analysed. Due to 
pressure stresses near the notch B (following from the FEM analysis), the assumed crack initiation point is supposed to be 
the notch A. The materials and geometry of the notch imply the stress singularity exponents p1 = 0.3197, p2 = 0.0133 (see 
Eq.1, and [16, 17]). According to the MTS criterion, the global maximum of the average tangential stress is in the steel plate 
(Fig. 2), but because the fracture toughness KIC of steel is higher than KIC of concrete, the crack initiation in the direction θ0 

= 0° (the crack parallel to the interface) into concrete is supposed. The critical applied force FCrit resulting from the fracture 
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mechanics assessment (Eq. 6) was determined in the interval <309; 343> kN, depending on the averaging distance in the 
criterion (See Tab. 4 for details). 

Figure 17: Geometry and material characteristics of the specimen. 
 

  2D steel-concrete model 2D steel-epoxy-concrete model 

  Notch A Notch A Notch B Notch C Notch C 

d [mm] 0.5 1.0 0.8 0.8 0.8 

θ0 [°] 0 0 0 150 180 

H1 [Pa mp1] 1.7940105 1.4278105 5.2383104 -1.3984102 -1.3984102 
H2 [Pa mp2] -1.2206104 -6.2270103 -1.0321104 - - 

H1C [Pamp1] 3.8854106 3.4342106 4.6855106 -2.1956104 -3.6202102 
FCrit [kN] 308.6 342.7 1274.6 2237.2 3688.9 

 

Table 4: Results of numerical fracture mechanics study (2D models). 
 

2D steel-epoxy-concrete FEM model 
In order to cover the presence of the epoxy interlayer, a simple 2D model of the specimen with an interlayer is suggested 
(see Fig. 17b). In this model four bi-material notches occur. The distribution of the average values of the tangential stress 
around the notches A – D is shown depending on the polar coordinate θ in Fig. 18. (θ = 0 matches to the interface). It is 
seen that the presence of the interlayer in the FEM model redistributes the stresses. Only in the notches B and C the stresses 
are positive. The negative stresses   around the notches A and D imply pressure which does not lead to failure initiation 
(from the supposed fracture-mechanics point of view). Therefore the notches B and C are evaluated only, and the results 
are stated in Tab. 4. In the case of notch B, the crack initiation angle is taken 0° as the maximum of tangential stress is in 
the region of the epoxy. In the case of notch C, crack initiation conditions are evaluated both in the direction of 150° (into 
concrete) and 180° (into epoxy). Note that in the case of notch C only one singular term occurs, thus the value H2 is not 
stated. The most probable conditions for crack initiation are in notch B with FCrit = 1275 kN. Nevertheless the value is 
considerably far from the experimental results. 
 
3D steel-epoxy-concrete model 
The results of the previously realized models lead us to survey conditions of failure initiation in the steel-concrete notch in 
the 3D model. The epoxy interlayer is modelled locally (see Fig. 17c) in order to represent the application of the epoxy resin 
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with a toothed trowel. From the analysis of the notches A and B in Fig. 17c, the resulting failure initiation forces FCrit = 
185902 kN are even higher than in the previous steel-epoxy-concrete 2D analysis. This unrealistic results are caused by the 
larger and more complicated surface of the epoxy layer, where the ideal adhesion condition are supposed in the model. The 
condition of ideal adhesion is the assumption of the fracture mechanics approach which is not satisfied in reality. In the 
case of 3D model this condition plays crucial role. Therefore the 3D model proved to be unsuitable for modelling of the 
push-out test specimens for the input calculation of the fracture-mechanics assessment. 

 

  

  
Figure 18: Average tangential stress  around notches A, B, C and D (2D steel-epoxy-concrete model). 

 
 

DISCUSSION OF EXPERIMENTAL AND NUMERICAL RESULTS 
 

ithin the experimental study, the steel-concrete connections in the push-out specimens were realized in three 
main ways: a thick adhesive layer applied with a toothed trowel and gritted with granules, a thick smooth layer, 
and a thin layer of an epoxy resin with higher fluidity applied on the steel plates with a paint roller and gritted 

with steel grit. The fracture surface of the specimens with thick layers exhibited concrete-epoxy interfacial failure, where the 
Fcrit was measured in the interval <177; 227> kN. Such cases of interfacial failure cannot be assessed by numerical-analytical 
approaches without knowledge of interfacial fracture toughness. On the other hand the fracture surface of the specimens 
with a thin layer exhibited failure in concrete and the mean value of Fcrit = 353 kN. This corresponds well to the 2D steel-
concrete model, see Fig. 17a. In this case the Fcrit estimated by means of fracture-mechanics analysis is in the interval <309; 
343> kN depending on the averaging distance in the criterion. The 2D and 3D models with thick interlayers lead to 
redistribution of the stresses and together with the assumption of ideal adhesion between all components these models 
overestimate the experimentally measured values. These models proved to be unsuitable for the purpose of modelling the 
push-out test samples within the input calculation of the fracture-mechanics assessment. It can be surprising that the models 
with the epoxy interlayer can provide less accurate results than the 2D steel-concrete model. The 2D and the 3D models 
with the epoxy interlayer can give more precise results in case of taking adhesion properties into account. However in this 
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case the fracture mechanics approach would have to be modified, the fracture mechanics properties of the steel-epoxy, 
steel-concrete, and epoxy-concrete interfaces would have to be measured, and the approach would lose its simplicity. 
Thus the simplest 2D steel-concrete model without modelling the epoxy interlayer is the most suitable one. Due to its 
simplicity, it can be easily used in engineering practice. 
 
 
CONCLUSIONS 
 

hear bond strength between steel and ultra-high performance concrete (UHPC) without mechanical shear connectors 
is evaluated through push-out tests and a generalized fracture mechanics approach based on analytical and finite 
element analyses. Based on the results of 28 test samples, the best bond behaviour is achieved with a thin rolled 

adhesive combined with gritted steel grit. This conclusion is important since generally for concrete to steel adhesive 
connections a thick epoxy is used in order to cope with tolerances. Since the concrete is cast after adhesive application, this 
is not an issue here. Numerical-analytical 2D and 3D modelling of a steel-concrete connection is performed without and 
with the epoxy interlayer. The model of a bi-material notch with various geometrical and material properties is used to 
simulate various singular stress concentrators that can be responsible for failure initiation. On the basis of the comparison, 
the 2D simulation of the steel-concrete connection without the epoxy interlayer is shown to be suitable for the estimation 
of failure conditions, but can only be attributed to the samples with fluid adhesive, gritted with steel grits. This connection 
method can therefore be considered as optimum, since from a fracture mechanics point of view it achieves the theoretical 
values resulting from the assumption of ideal adhesion. In this case, the weakest link is the concrete core. Higher shear load 
can be achieved only in combination with the use of concrete core of better fracture mechanics properties.  
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