
HAL Id: hal-04443256
https://hal.science/hal-04443256

Submitted on 8 Apr 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License

Behaviour of embedded H-profile balcony-to-slab
connection

Piseth Heng, Hong Hanh Le, Hugues Somja, Franck Palas, Clemence
Lepourry-Nicollet

To cite this version:
Piseth Heng, Hong Hanh Le, Hugues Somja, Franck Palas, Clemence Lepourry-Nicollet. Behaviour
of embedded H-profile balcony-to-slab connection. Journal of Constructional Steel Research, 2024,
Journal of Constructional Steel Research, 213, �10.1016/j.jcsr.2023.108337�. �hal-04443256�

https://hal.science/hal-04443256
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr


Accepted manuscript

Preprint submitted to Elsevier 

Behaviour of embedded H-profile balcony-to-slab connection 

Piseth Henga,*, Hong Hanh Lea, Hugues Somjaa, Franck Palasb, Clemence Lepourry-Nicolleta,c 

a INSA Rennes, LGCGM/ Structural Engineering Research Group, 20 avenue des Buttes de Coësmes, CS 70839, F-35708 

Rennes Cedex 7, France 

b Concept Technique Design R & D, 89 Boulevard de Laval, 35500 Vitré, France 5 

c Ingenova, Civil Engineering Office, 5 Rue Louis Jacques Daguerre, Saint Jacques de la Lande 35136, France 

*Corresponding author: piseth.heng@insa-rennes.fr
10 

Abstract 

This paper investigates experimentally and numerically the behaviour of a balcony-to-slab connection made by an 

H-profile embedded in the concrete slab. A large-scale test was performed on a specimen of the connection system

in order to determine the moment-bearing capacity, the deformation behaviour, the cracking patterns, the 

distribution of the bending moment along the axis of the embedded steel H-profile as well as the failure mode of 15 

the connection system. The test results showed that the failure mode was governed by the concrete shear of the 

slab. In addition, a 3D finite element model of the experimental test was also carried out and successfully validated 

against the experimental results. For a practical design of the connection system, a model based on Timoshenko 

beam on elastic foundation (BEF) was investigated and verified against the results obtained from the validated FE 

model. The Winkler modulus of the BEF model was determined by considering the local deformation of the 20 

concrete based on a strut-and-tie model. The results demonstrate that the BEF model with this value of the Winkler 

modulus provides a conservative estimation of the shear and bending forces applied to both the embedded H-

profile and the concrete cross-sections. This method is a first tentative design basis using linear elastic theory for 

such a system.  

Keywords: Embedded H-profile, Timoshenko beam on elastic support, Winkler modulus, Large-scale test, FE 25 

simulation. 

1. Introduction

The technique of embedding steel profiles in concrete has been used as a connection between structural steel, 

reinforced concrete, and composite elements for years for its high ductility, compactness and simplicity of 30 

detailing. The application of the embedded steel profile in precast concrete columns as a replacement of reinforced 

concrete corbels or brackets can be traced back to the 1970s [1]-[4]. Based on calibrations against experimental 

data, different analytical design methods were proposed in these researches by adopting assumptions on the 

distributions of bearing stress over the profile flange and along the embedded length. Mattock and Gaafar [4] 

assumed a parabolic distribution (see Figure 1) for the compressive stresses in the concrete above the embedded 35 

section and a uniform distribution for the compressive stresses below the embedded section limited at 85 percent 

of the compressive strength of the concrete. These simplifications led them to propose design expressions of the 
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shear resistance of the connection in function of required embedment length. Marcakis and Mitchell [3] suggested 

a different expression of the shear resistance in function of the required embedment length. However, similar 

results should be obtained using these two approaches, according to Gong and Shahrooz [5]. 40 

Figure 1: Assumed stress distribution by Mattock and Gaafar [4]. 

These two design approaches have also been investigated in order to determine required embedded length and 

strength of steel coupling beams by several studies [5]-[9]. The coupling beams are generally used to connect 

adjacent reinforced concrete shear walls. They are required to sustain high shear forces and to effectively dissipate 45 

energy for high-rise buildings under seismic actions. It was shown by these works that acceptable results were 

obtained using the aforementioned approaches for the design of the coupling beams. The approach proposed by 

Mattock and Gaafar [4] was suggested in the design recommendations [10]-[11] with minor modifications for 

determining the required embedment length of the coupling beams. In the cases of steel brackets connected to 

reinforced concrete columns, the embedment length usually varies between 0.2 m to 0.5 m, depending on its height. 50 

A longer embedment length is rarely used for economic reasons, so not much attention has been paid for this case. 

However, embedment length of steel coupling beams may be significantly longer, especially when the clear span 

is long and the shear forces to be transmitted are high [7]. In such a situation, the approach by Mattock and Gaafar 

[4] is no longer applicable.

Another application of embedded steel profiles is the shearhead reinforcement as the column-to-flat-slab55 

connection [12]-[15]. The connection incorporating shearhead is typically made by a steel insert passing through 

or welded to the column and embedded in the flat slab. Corley and Hawkins [12] conducted experimental tests on 

21 shearhead specimens that confirmed the efficiency of the shearheads in increasing the punching capacity of flat 

slabs by enlarging the critical shear perimeter. They also proposed a design criterion for the ultimate strength of 

the shearhead by assuming an idealised shear distribution along the arm of the shear head. Bompa and Elghazouli 60 

[15] later investigated the ultimate behaviour of cruciform H-shaped shear-head systems fully embedded into the

RC flat slab and welded to the steel column by six large scale tests and suggested analytical design expressions 

taking into account the effect of embedded length of the shear-heads with or without shear reinforcement.  
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In a situation of steel balcony-to-concrete slab connections, embedded steel profiles are used to transfer not 

only shear forces but also large bending moments from the balcony onto the concrete slabs (see Figure 2). Due to 65 

the small thickness of the slab, long embedment length might be needed to resist to the shear and bending forces. 

In this case, the design approaches proposed for steel sections embedded in a reinforced concrete column as 

brackets might not be applicable, due to the long embedment length and the lower stiffness of the reinforced 

concrete slab. At the same time, the design criteria for the shearhead might not be valid also in this situation.  

H-profile cantelever

Reinforcement rebars Embedded H-profile

Balcony

Wall

Slab

(a). (b).
70 

Figure 2: System of demountable balcony: (a). Concept. (b). Components. 

This paper investigates the behaviour of long embedded H-profile balcony-to-slab connections by means of a 

large-scale experimental test and a fully detailed finite element simulation. Detailed results and observations are 

reported such as moment-bearing capacity, deformation behaviour, the cracking patterns and the distributions of 

the bending moment along the axis on the embedded steel H-profile as well as the failure mode of the connection 75 

system. Based on the results from the experimental test, a 3D finite element model is developed using 

Abaqus/Explicit [16] and validated. At last, the findings obtained from the validated FE model are used to verify 

the accuracy of the model of Timoshenko beam on elastic foundation for the design of the long-embedded H-

profile balcony-to-slab connection.  

2. Experimental program80 

2.1 Test setup 

The test setup is conceived to represent a balcony-slab connection (Figure 3a). In order to have a simple test 

setup and to have a representation of the in-situ moment diagram (Figure 3b), the specimen is conceptualized to 

be simply supported at the theoretical inflection point of the slab while the load is applied at the free extremity of 

the cantilever (Figure 3c).  85 
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(a).

(b).

(c).

Test setup configuration
In-situ configuration

Figure 3: Specimen design: (a). Configuration of real loads on floor-to-balcony connection. (b). bending moment 

diagrams. (C). Configuration of testing. 

Consequently, the test setup is illustrated in Figure 4. It consists of a specimen made of a concrete slab and two 

embedded steel profiles, a rear supporting frame, two front supporting columns, two lateral bracings, a force jack 90 

with a capacity of 1500 kN, and a loading cross-beam to distribute the load from the jack onto the cantilever beams. 

In this test setup, the specimen was placed on the two front supporting columns with a contact surface of 300mm-

by-160mm. A steel plate with a dimension of 160mm × 300mm × 10mm and an elastomer plate with a thickness 

of 50 mm were placed between the specimen and the front supporting columns in order to avoid local damage of 

the concrete (Figure 5e). Two lateral bracings were also installed in order to prevent the lateral buckling of the 95 

profiles. Between the lateral bracings and the cantilever steel H-profiles, two layers of PTFE material were 

installed to reduce friction. The loading was applied vertically by the force jack on the two cantilever profiles 

through the loading HEB-200 cross-beam, giving a reaction to the concrete slab by the rear support. Different 

mechanical pins were used between the HEB-200 cross-beam and the two HEB-120 cantilever beams (Figure 5d), 

on top of the front supporting columns (Figure 5e), and between the HEA-200 cross-beam and the specimen at the 100 

rear framed support (Figure 5f). Figure 6 shows the actual photo of the test setup. 

Rear supporting 
frame

Mechanical Pin

Specimen

Mechanical Pin

Lateral bracing

Loading cross-beam

Mechanical pin

Front supporting 
column

Figure 4: Test setup. 
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HEA-160 column
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Figure 5: Detail of the support system. 105 

HEA-200

Test specimen

Supporting column

UPN-200

Force jack

Figure 6: Actual photo of the test setup. 

2.2 Geometry of the tested specimen 

The specimen was composed of two HEB-120 profiles with a length of 2180 mm, a reinforced concrete slab 

with a thickness of 200 mm, a steel tube with a section of 50×50×3 mm, an HEB-120 cross-beam and reinforcement 110 

rebars (see Figure 7). The reinforcement rebars are not displayed in this figure, but given in Appendix A. The 

HEB-120 profiles were welded to the steel tube at one extremity to conform with the practice of the industrial 

partner (see Appendix B), in order to fix the spacing between the profiles and encased with a length of 1 m in the 

reinforced concrete slab. They were also fixed at the cantilever side with the HEB-120 cross-beam in order to 
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strengthen the cantilevers against lateral buckling. Concrete drops with a dimension of 400×400×400 mm were 115 

added at the contact with the front supports in order to avoid concrete shear failure at the supports.  

2200

200

400 400

400

1000

1000

1180

1750 Steel tube

HEB-120 profile

Figure 7: Geometry of the specimen. 

2.3 Material properties 

The reinforced concrete slab has a strength class of C25/30. In order to obtain the actual characteristics of the 120 

materials used on the day of experimental test, compressive concrete tests on three-cylinder samples with a 

dimension of 11 × 22 cm were carried out following the norm NF EN12390–3 [17]. Regarding the steel elements, 

the HEB-120 profile and the rebars have a steel grade of S355JR and S500, respectively. 6 and 3 Coupon samples 

were extracted from the flange and the web of the HEB-120 profile and tested following the norm NF EN ISO 

6892-1 [18]. In addition, 3 sample were also made for each diameter of rebars and tested. The results are 125 

summarized in the Table 1. 𝑛 is the number of the samples. 𝑓௖௠, 𝑓௬௠ and 𝑓௨௠ are the mean values of the 

compressive strength of the concrete, of the yield strength and of the ultimate strength of steel elements, 

respectively.  is the standard deviation. It should be noted that for the tensile tests on rebar specimens, 

extensometers were not working properly,   

 Table 1: Material properties. 130 

Elements 𝑛 
𝑓௖௠ 

[MPa] 

௖௠ 

[MPa] 

𝑓௬௠ 

[MPa] 

௬௠ 

[MPa] 

𝑓௨௠ 

[MPa] 

௨௠ 

[MPa] 

Concrete 3 36.9 1 - - - - 

HEB-120 
Web 3 - - 386.9 16.3 509.9 6.7 

Flange 6 - - 395.5 7.7 515.1 7 

Rebar  

8 3 - - - - 621.2 14.8 

10 3 - - - - 550.1 14.3 

12 3 - - - - 598.9 19.7 
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2.4 Loading procedure and measurement 

The vertical load was applied to the HEB-120 cantilever beams of the specimen through the cross-beam by the 

force jack with a capacity of 1500 kN. Following the loading procedure provided in Annex B of Eurocode 4 [19], 

the loading was first applied up to 40 percent of the expected failure load (corresponding to 25 kN), and then 

cycled 25 times between 5 and 40 percent of the expected failure load. Another cycle between 5 % of the expected 135 

failure load and the value estimated for ultimate limit state design (corresponding to 50 kN) was exerted before 

reloading up to failure. The force was measured by a force sensor DELTECH with a capacity of ± 200 kN.  

In order to measure the vertical displacements at various positions of the specimens, 15 LVDT displacement 

sensors Dv1 to Dv15 were installed (see Figure 8). Among them, 11 sensors (Dv5 to Dv15) were placed below the 

concrete slab and 4 sensors (Dv1 to Dv4) were placed below the HEB-120 cantilever beams. The sensors Dv5 and 140 

Dv9 were positioned close to the front supports to measure their settlements. The same was done with sensors Dv14 

and Dv15 to capture the rigid displacement of the rear support. 

In addition, 40 uniaxial strain gauges in total were used to determine the deformation of the embedded HEB-

120 profiles along their length at the locations of 30 mm, 80 mm, 180 mm, 280 mm and 380 mm from the front 

side of the concrete slab (see Figure 9). Four strain gauges (two on top flange and the other two on bottom flange) 145 

were installed at each location (cross-section) per steel profile. Figure 10 shows the photos of LVDT sensors during 

the test and of the strain gauges during the fabrication of the specimen.  

 

(a). Side view. 

 

(b). plan view. 

Figure 8: LVDT displacement sensors (dimension in mm).  
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Figure 9: Strain gauges (dimension in mm). 150 

(a). (b). 

Figure 10: (a). Photo of the LVDT sensors. (b). Photos of the strain gauges. 

2.5 Results  

2.5.1. Observations and failure mode 

The force-displacement curve illustrated in Figure 11 is used to describe the sequence of the observations during 

the test. The first cracks of concrete were observed below the embedded steel profiles (see Figure 12) during the 155 

cyclic loading between 5 kN and 25 kN. Diagonal cracks that developed from the extremities of both flanges of 

the profiles were noticed as soon as the loading reached 37.5 kN (see Figure 13a, b and d). These cracks continued 
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to propagate downward to the bottom surface of the concrete slab (point C and then E). Inclined flexural cracks 

also appeared at 37.5 kN in the areas between the supports and the steel profiles (see Figure 13a and b). However, 

these cracks propagated upward to the top surface of the concrete slab (point C, D, E or F), in a reverse direction 160 

compared to the diagonal cracks. Additionally, vertical flexural cracks were observed in the middle area between 

the steel profiles (see Figure 13d).  
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Figure 11: Force-displacement curve of the force jack. 

On the bottom surface of the concrete slab, cracks that linked the diagonal cracks were noticed when the loading 165 

reached 50 kN (point C in Figure 13e). Besides, inclined cracks were also observed starting from point C (50 kN) 

on the lateral surfaces of the concrete slab that connected from the flexural cracks on the front surface of the 

concrete slab. These cracks again propagated upward to the top surface of the concrete. In addition, cracks could 

be seen on the top surface of the concrete slab, which propagated from the edge inward. The test was stopped at 

124 kN once excessive crack openings below the steel profiles and at the corners on the lateral surfaces of the 170 

concrete slab were detected (see Figure 13a, f and h).     

(a). HEB 1. (b). HEB 2.

Dv6 Dv10
Dv8

Figure 12: First cracks during the 25 initial cycled loading. 
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(a). Exterior side of HEB 1. (b). Exterior side of HEB 2. (c). Top view.

(d). Front view between steel profiles. (e). Bottom view.

(f). Side view (HEB 1). (h). Angle view.(g). Side view (HEB 2).

B
C

D E
D

E

B
C

E

B

C

E

B
E

F
C

D
E

F

E

E

E

E

F

F

D

F
E

E
E

F

D
E

F
B

E
E E

F

F

B

C

D
F

E
F

D

E

F

C

D

D

D
F

C
D

Dv11

Dv8

Figure 13: Observations during the test. 175 

2.5.2. Moment-deflection curves 

Figure 15 illustrates the bending moment-deflection curves. The displacements obtained from the sensors 

include the deflections of the cantilever beams or of the concrete slab as well as the rigid displacements of the 

whole specimen by the settlement of the polymer plate and the movement of the back support (see Figure 14).  

dv1rv1

dv5

dv14

180 

Figure 14: Correction of the measured deflections. 
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The deflections presented in Figure 15 have been corrected by removing the part corresponding to the rigid 

displacements. The maximum bending moment at the connection obtained per steel cantilever was 63 kN.m and 

the corresponding deflection by sensor Dv1 was approximately 68 mm. 

0

10

20

30

40

50

60

70

0 10 20 30 40 50 60 70

B
en

d
in

g 
m

om
en

t p
er

 s
te

el
 p

ro
fi

le
 [k

N
.m

]

Deflection [mm]

sensor Dv1
sensor Dv2
sensor Dv3
sensor Dv4
sensor Dv5
sensor Dv7
sensor Dv8

185 

Figure 15: Force-deflection curves.  

2.5.3. Distribution of deformation and bending moment in embedded profiles 

The deformation of the embedded profiles was measured at different locations along the profiles (see Figure 9). 

The evolutions of the deformation of the steel profiles in function of the applied force per profile are shown in 

Figure 16 for sections A1-A1 and A2-A2, in Figure 17 for sections B1-B1 and B2-B2, and in Figure 18 for section 190 

B3-B3. Only some results of the strain gauges are presented, as some strain gauges were damaged during the 

fabrication of the specimen. However, it can be concluded from these figures that the embedded steel profiles were 

yielded on the top flanges at the section A1-A1 when the load reached 100 kN in total force (50 kN, force per 

profile) and on the bottom flanges when the load arrived at 124 kN in total force. The plastification propagated 

until the top flanges at the section A2-A2 when the load reached 110 kN in total force.  195 
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Figure 16: Force-strain curve - (a). Section A1-A1. (b). Section A2-A2. 
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Based on the results of the strain and of the coupon tests on the specimens of the steel profiles, the distribution 

of the bending moment on the embedded steel profile HEB 2 is determined at different load levels and presented 

in Figure 19. It should be noted that the bending moment acting on each cross-section of the embedded steel profile 

is computed based on the assumption that the strain varies linearly on the cross-section for both elastic and elastic-200 

plastic behaviours (see Figure 20). Regarding the elastic-plastic behaviour, the stress is considered to be limited at 

𝑓௬, as the results of coupon tests have shown that the plastic flow was between 0.002 and 0.018 before hardening 

of the material. The results obtained from strain gauges gave the maximum deformation of 0.0047, meaning that 

the stress remained limited at 𝑓௬. 
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Figure 17: Force-strain curve - (a). Section B1-B1. (b). Section B2-B2. 205 
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Figure 18: Force-strain curve - Section B3-B3. 
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Figure 19: Evolution of the bending moment along the embedded profile HEB 2 at different load levels (force per profile). 
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(a). Elastic range 
 

(b). Elastic-plastic range 

Figure 20: Distribution of stress and strain on the cross-section (Section A1-A1). 210 

2.5.4. Comparison of maximum force and bending moment 

As being already discussed in the introduction, the design shear capacity of embedded steel brackets inside RC 

columns can be determined by the expressions proposed by Mattock and Gaafar [4]. In this section, the ultimate 

shear and bending capacities of the embedded H-profile balcony-to-slab connection are estimated using these 

expressions, as reported below:  215 

 𝑉௡ = 0.85𝑓௖𝛽ଵ𝑏𝑙௘ ቌ
0.58 − 0.22𝛽ଵ

0.88 +
𝑎
𝑙௘

ቍ (1) 

 
𝑀௠௔௫ = 𝑉௡ ൬𝑎 +

𝑉௡

1.7𝑓௖𝑏
൰ 

(2) 

where 𝑓௖ is the mean concrete compressive strength, 𝑏 is the width of the embedded H-profile, 𝑙௘ is the 

embedded length of steel profile in concrete, 𝑎 is the span of the shear force (taken equal to 0.92 m), and 𝛽ଵ is 

taken equal to 0.85. Using Eqs. (1) and (2) with 𝑓௖ = 37 MPa and 𝑏 = 120 mm, the ultimate shear and bending 

capacities are determined and reported in Table 2. Using the expressions by Mattock and Gaafar [4] overestimates 

the ultimate shear and bending capacities by 1000 percent compared to the experimental results. Clearly, this 220 

estimation is wrong as expected. This is because the expressions by Mattock and Gaafar [4] were derived based 

on the assumptions that the concrete below and above the embedded profile had infinite depth and that the 

embedded profile is rigid. Such assumptions are not valid for the case of the present embedded H-profile balcony-

to-slab connection, as its behaviour is impacted by the small thickness of the concrete slab and the plastification 

of the embedded profile. In addition, this approach does not allow to determine the distribution of shear and 225 

bending forces in the concrete slab for the design of the reinforcement rebars.    

Table 2: Ultimate shear and bending capacities using expressions by Mattock and Gaafar [4]. 

 
Ultimate shear 𝑉௡  

[kN] 

Max. moment 𝑀௠௔௫  

[kN.m] 

Experimental results 62 63 

Estimation [4] 700.4 709.3 
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3. Finite element simulation230 

In order to gain more insights on the load transfer mechanism at the steel-concrete connection, a full 3D FE 

model of the experimental test has been developed in Abaqus/Explicit [16]. Only half of the specimen was 

simulated with respect to symmetric conditions of loading, boundary conditions and geometry (see Figure 21a). In 

addition, all the components in the specimens were included in the model (see Figure 21b). The description of the 

model is provided in the following sections.  235 

1180

1750

400

400

200

300

1100

(a). Dimensions of the model 

Steel rebars

Steel profile

Steel tube

Rigid plate

(b). Components in the model. 

Figure 21: FE model of the experimental test. 

3.1 Element type and mesh 

Different element types were used for each component. The concrete slab, the steel profile, the steel tube and 

the rigid plate were meshed using an 8-node brick solid element (C3D8R) with one integration point and three 

degrees of freedom at each node. The rebars, on the other hand, were meshed using a 2-node beam element (B31). 240 

The meshing of the concrete part around of the embedded steel profile was refined with a size of 10 × 10 × 25 mm 

(see Figure 21a). The rest of the concrete has an element size of 10 × 25 × 25 mm or 25 × 25 × 25 mm. The 

overall mesh size of the steel profiles, the steel tube, the rigid plate and the steel rebars are 10 × 11 × 27 mm, 

22 × 27.5 × 3 mm, 25 × 25 × 10 mm, and 25 mm, respectively (see Figure 21b). A refined mesh as small as 

10 × 11 × 15 mm was also used at the embedded part of the steel profiles.  245 

3.2  Constraints and contact interactions 

Different constraints available in Abaqus/Explicit were applied to describe the interactions between the 

components. An explicit general contact interaction was used to model the contact behaviour of the concrete slab 

with the steel profiles, the steel tube and the rigid plate. The contact properties were defined by hard contact and 

friction penalty formulations for the normal and tangential behaviour, respectively. For the frictional contact, a 250 

friction coefficient of 0.3 was used. The surfaces in contact between the embedded profile and the steel tube were 

tied together, being consistent with the actual test specimen where they were tied by welding. In addition, 

embedded constraint was applied to the rebars placed inside the concrete slab.   
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3.3 Boundary conditions and loading 

As only half of the specimen was simulated, a proper symmetric boundary condition was applied to the median 255 

plane of the model, constraining the displacement in X-direction as illustrated in Figure 22b. Then, the boundary 

conditions were applied to represent the actual situations in the test setup (see Figure 22a). Firstly, the mechanical 

pin of the front supporting columns was represented by the reference point 1 that governs the rigid movement of 

the rigid plate (see detail 1 in Figure 22b). At this reference point, all the degrees of freedom were blocked, except 

the displacement in X-direction (Ux) and the rotation in X-direction (Rx). It should be noted that the rigid plate had 260 

the same dimension as the steel plate did (160 × 300 × 10 mm). Secondly, the displacement in X-direction (Ux) 

on the lateral surfaces of the top and bottom flanges as well as the web of the H-profile cantilever was constrained 

at the location of the lateral bracings. At the back frame support, the displacements in X-direction (Ux) and in Y-

direction (Uy) were blocked at the lateral and top surfaces, respectively. At last, to apply the load in accordance 

with the actual loading configuration in the experimental test, the reference point 2 was created at the location of 265 

the mechanical pin (see detail 2 in Figure 22b), governing a rigid displacement of a 200-mm segment of the steel 

cantilever. The loading was then applied to the reference point through an imposed displacement in Y-direction. 

All the other remaining degrees of freedom of the reference point were fixed. 

Reference point 2
(Load application point)

Symmetric plane
(Ux = 0 )

200

Reference point 1
(mechanical pin)

F

Detail 2

Detail 2

Detail 1 Detail 1

Ux = 0
(Lateral bracing) Lateral bracing

Uy = 0 

Ux = 0 

Uy = 0 

Ux = 0 
X

Y

Z

(a). Experimental test setup. (b). FE Model.  

Figure 22: Boundary and loading conditions. 270 

3.4 Material models 

The concrete behaviour in this simulation was modelled by the Concrete Damage Plasticity model available in 

Abaqus/Explicit. The constitutive relations described in [20] was adopted. The uni-axial compressive stress – strain 

curve and the tensile stress – crack width curve were defined for the nonlinear behaviour of the concrete, as 

illustrated in Figure 23. The values of the Young’s modulus, the compressive resistance and the tensile resistance 275 

are 31000 MPa, 37 MPa and 2.6 MPa, respectively. The parameters used in the model are the following: the 

dilation angle 𝜓 = 40°, eccentricity 𝜖 = 0.1, the stress ratio 𝜎௕଴ 𝜎௖଴⁄ = 1.16 and the shape factor 𝐾௖ = 0.667. 
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Figure 23: Constitutive concrete model. 

Regarding the steel profile, the actual stress-strain curve obtained from the coupon test was used, as illustrated 

in Figure 24. On the other hand, the stress-strain relation for the rebars was modelled by a bi-linear curve, as 280 

represented by Figure 24b. It should be noted that these curves have already been converted to true stresses – true 

strains curves for the input in Abaqus/Explicit.  
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Figure 24: Constitutive steel models. 

3.5 Validation of the FE model 

In order to validate the FE model, the results such as the force-deflection curves, the failure mode, the cracking 285 

pattern and the deformation in the embedded profiles as well as the distribution of the bending moment are 

compared with the ones obtained from the experimental test.  

Figure 25 shows the comparison of the force-deflection curves obtained from the experimental test with the 

ones obtained from the FE model. A rather good agreement is achieved. The difference of the maximum forces is 

approximately 3 percent. It has also been observed that the FE model is able to accurately predict the deflections 290 

of both the cantilever beams (Dv1 and Dv3) and the concrete slab (Dv6 and Dv7).  
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Figure 25: Comparison of force-deflection curves.  

The crack observations made in the experimental test were also reproduced in the FE model at different load 

levels. The tensile damage parameter of the FE model is illustrated Figure 26 in comparison with the cracking 295 

patterns in the experimental test. The crack below the profile appeared and the inclined cracks were initiated from 

the top and bottom flanges of the H-profile in the FE model, in agreement with the observations in the experimental 

test. At the load level of 35 kN, similar to the observations made in the experimental test, the inclined cracks 

propagated downward to the bottom surface of the concrete slab with an inclination angle of approximately 54 

degrees with respect to the vertical in the FE model. Several more parallel cracks on the bottom surface of the slab 300 

also appeared. The FE model exhibited lateral and corner cracks at the maximum load, consistent with the 

experimental results.   
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Load level: 35 kN

Load level: 10 kN

Load level: 60 kN (failure)
 

Figure 26: Comparison of the cracking patterns. 

Figure 27 to Figure 29 provide the comparison of the evolutions of strains in function of the force per profile 305 

between the results obtained from the FE model and from the experimental test. It can be seen from these figures 

that a rather good agreement between the two results was obtained. A better fit of the strains can be observed at 

the cross-sections A2-A2 and B1-B1.  
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Figure 27: Comparison of force-strain curves - (a). Section A1-A1. (b). Section A2-A2. 
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Figure 28: Comparison of force-strain curves - (a). Section B1-B1. (b). Section B2-B2. 310 
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Figure 29: Comparison of force-strain curves - Section B3-B3. 

Furthermore, the comparison of the bending moment distribution along the axis of the embedded profile at 

different load level (load per profile) is given in Figure 30. A strong correlation between the two results was 

observed until a load level of 40 kN. It can be also noticed that the bending moment is maximum at the distance 315 

of 80 mm from the edge of the concrete slab (0 m), corresponding to half width of the support. From this point 

forward, it has a steady decrease until zero at the extremity of the embedded profile (1 m).  
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Figure 30: Comparison of the distribution of bending moment at different load level (load per profile). 
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In overall, the results obtained from the FE model are in good agreement with the experimental observations. 320 

The FE model is able to reproduce the global behaviours such as the deflections of the cantilever beam and the 

concrete slab, the distribution of bending moment along the axis of embedded profile, and the deformations of the 

embedded steel profile as well as the degradation of materials (cracking and crushing of the concrete) observed in 

the experimental tests. It can then be concluded that the FE model has been well validated against the experimental 

tests. 325 

3.6 Distribution of shear forces and bending moments 

The FE model also allows to deduce useful information that was not available in the experimental test. Using 

the model, the shear forces and bending moments acting on the embedded steel profile, the concrete slab and the 

composite section were determined at different load levels per profile and illustrated in Figure 31 and Figure 32, 

respectively. 330 

It can be noted from Figure 31 that, starting from the concrete edge, the shear forces in the embedded H-profiles 

increase from a negative to a positive value with a maximum reached at the abscise of around 0.15 m at the load 

level of 10 kN and 0.4 m at the load level of 60 kN. This change in the position of the maximum is linked to the 

degradation of supporting capacity by the surrounding concrete around the embedded H-profiles due to the 

damage. On the other hand, the shear forces applied to the concrete section are zero at the beginning of the H-335 

profile embedment and increase in a negative value until a peak at around 0.1 m from the concrete edge at a load 

level of 10 kN and 0.35 m from the concrete edge at a load level of 60 kN. It can be also confirmed from the figure 

that, for all the load levels, the shear forces applied on the composite section, noted by 𝑉 , are the sum of the forces 

applied to the H-profile (noted by 𝑉௦) and to the concrete sections (noted by 𝑉௖), as defined below: 

 𝑉 = 𝑉௦ + 𝑉௖ (3) 

 340 

 

 

 

 

 345 
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 (a). F = 10 kN. 

 
 (b). F = 20 kN. 

 
 (c). F = 30 kN. 

 
 (d). F = 40 kN. 

 
 (e). F = 50 kN. 

 
 (f). F = 60 kN. 

Figure 31: Distribution of shear force on steel, concrete and composite sections at different load levels (per profile). 

From Figure 32, it can be observed that the applied bending moments drop from an initial negative value at the 

beginning of the embedment of the profile (axis = 0m) to a zero value at the end of the embedment (axis = 1m). 

The bending moments applied to the concrete section increase from a zero value to a peak in negative value at the 

axis of 0.45 m at the load level of 10 kN. Starting from a load level of 30 kN, a plateau of bending moments 350 

between the axis of 0.45 m to 1 m is observed. The figure also suggests that, for all the load levels, the bending 

moments applied to the composite section, noted by 𝑀், is the sum of the bending moments applied to the H-

profile (noted by 𝑀௦) and to the concrete sections (noted by 𝑀௖), as defined below: 

 𝑀் = 𝑀௦ + 𝑀௖ (4) 
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 (a). F = 10 kN. 

 
(b). F = 20 kN. 

 
(c). F = 30 kN. 

 
 (d). F = 40 kN. 

 

(e). F = 50 kN. 

 

 (f). F = 60 kN. 

Figure 32: Distribution of bending moment on steel, concrete and composite sections at different load levels (per profile). 

It is worth noting that the solution from the finite element model is only an approximation of the real problem, 355 

especially for the behaviour of concrete with damage, as set in evidence by the fluctuation of the curves in Figure 

31 and Figure 32. 

4. Analytical methods for the distribution of bending and shear forces 

It has been shown above in section 2.5.4 that the approach by Mattock and Gaafar [4] is not satisfying for the 

design of the embedded H-profile balcony-to-slab connection, i.e. both the embedded H-profile and the reinforced 360 

concrete around it. Consequently, there is a need to develop an analytical approach to determine the internal forces 

in the steel-concrete connection. 
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In structural analysis, for determining the distribution of the forces in each member, a conventional method 

based on elastic theory is commonly adopted. In this section, a linear elastic method based on the model of beam 

on elastic foundation is then proposed in order to determine the shear and bending forces in the embedded H-365 

profile and the reinforced concrete. To the knowledge of the authors, this approach is the first tentative design 

basis for such a system. In this approach, it is assumed that the global behaviour of the concrete slab supporting 

the balcony has a little influence on the distribution of the contact forces between the concrete and the steel profile, 

and therefore only the local contact stiffness must be modelled. This strong hypothesis is made to obtain a simple 

model, convenient for practitioners, even if it might limit the accuracy.  370 

4.1 Composite section 

For the design of the embedded H-profiles and the concrete slab, it is necessary to determine the applied shear 

forces and bending moments on their cross-sections along the axes in function of the applied forced on the H-

profile cantilever beams. This section is devoted to using analytical approaches to estimate these parameters.  
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375 

Figure 33: Representing system of the test setup: (a). beams on simply supports. (b). shear force diagram. (c). Bending 

moment diagram. 

Assuming that the test setup and the FE model described in Section 2 and Section 2.5.4, respectively, can be 

represented by a beam on simply supports as illustrated in Figure 33, the bending moments and shear forces applied 

on the composite section can be determined analytically based on beam theories. The applied shear and bending 380 

forces at the edge of the concrete (embedded point) are the following :  

𝑀ாௗ = 0.92𝐹 (5) 

𝑉ாௗ = 𝐹 (6) 

Figure 34 illustrates the bending moment and the shear force on the composite section obtained from the beam 

theory in comparison to those obtained from the FE model. It is evidently demonstrated in this figure that the 
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results are consistent with the ones obtained from the FE model for the computation of the bending moments and 

shear forces acting on the composite section, for a load level lower than 20 kN. For a larger load level, the concrete 385 

experiences severe damages, and the FE results show irregularities with fluctuation of the curves coming from the 

approximation by explicit finite element solution.  

(a). Bending moment.  (b). Shear force. 

Figure 34: Comparison of bending moments and shear forces on composite sections at different load levels (per profile). 

4.2 Steel and concrete sections 

This section is devoted to determining the distribution of shear and bending forces on the embedded profiles 390 

and the concrete sections. For the forces applied to the embedded steel profile alone, a model of beam on elastic 

foundation (BEF) might be considered. Once these forces are known for the steel profiles, the ones on the concrete 

section can be determined using Eqs. (3) and (4). The description of the BEF model is given in the following 

sections. 

4.2.1 Beam model on elastic foundation 395 

For the forces applied to the embedded steel profile alone, a beam model on elastic foundation (BEF) might be 

considered. This model type has been proposed in several occasions for embedded structural elements such as 

dowel-type rebars [21][22][23], concrete piles for deep foundations [24][25], steel fasteners for timber connections 

[26][27], and bolted rock joints [28]. In this section, a model based on Timoshenko beam on elastic foundation 

with sign conventions as described in Figure 35 is considered in order to try to investigate the behaviour of the 400 

embedded steel profile.  
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Figure 35: Convention for beam model on elastic foundation. 
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According to Timoshenko and Gere [29], the bending moment is related to the rotation of the beam 𝜃௦(𝑥) by 

the following expression : 405 

 𝑀௦(𝑥) = 𝐸௦𝐼௦

𝑑𝜃௦(𝑥)

𝑑𝑥
 (7) 

with 𝐸௦, 𝐼௦ and 𝑥 being the Young’s modulus, the moment of inertia of the embedded profile and the beam axis, 

respectively. The rotation of the beam is expressed by: 

 𝜃௦(𝑥) = −
𝑑𝑤(𝑥)

𝑑𝑥
+

1

𝐺௦𝐴௦

𝑑𝑀௦(𝑥)

𝑑𝑥
 (8) 

where  𝐺௦ and 𝐴௦ are the shear modulus and the section area of the embedded profile, respectively. The bending 

moment is also related to the pressure distribution as following: 

 
𝑑ଶ𝑀௦(𝑥)

𝑑𝑥ଶ
= −𝑝(𝑥) (9) 

Based on Winkler foundation, the pressure distribution on the embedded profile by the concrete 𝑝(𝑥) is assumed 410 

to be normal to the beam and directly proportional to the beam deflection 𝑤(𝑥): 

 𝑝(𝑥) = −𝑘𝑤(𝑥) (10) 

where 𝑘 is the Winkler foundation modulus (see section 4.2.2). Combining Eqs. (7)-(10) gives a differential 

equation of bending moment as following:  

 
𝑑ସ𝑀௦(𝑥)

𝑑𝑥ସ
− 2𝛼଴

𝑑ଶ𝑀௦(𝑥)

𝑑𝑥ଶ
+ 𝛽଴𝑀௦(𝑥) = 0 (11) 

with 

 𝛼଴ =
𝑘

2𝐺௦𝐴௦

 (12) 

 
𝛽଴ =

𝑘

𝐸௦𝐼௦

 
(13) 

The exact solution to this differential equation is  415 

 𝑀௦(𝑥) = 𝑒ିఊ௫[𝐶ଵ cos(𝜑𝑥) + 𝐶ଶ sin(𝜑𝑥)] + 𝑒ఊ௫[𝐶ଷ cos(𝜑𝑥) + 𝐶ସ sin(𝜑𝑥)] (14) 

with 

  
𝛾 = ඥ𝛽଴

ర cos ቈ
arccos

2
ቆ

𝛼଴

ඥ𝛽଴

ቇ቉ 
(15) 

 
𝜑 = ඥ𝛽଴

ర sin ቈ
arccos

2
ቆ

𝛼଴

ඥ𝛽଴

ቇ቉ 
(16) 

and, 𝐶ଵ, 𝐶ଶ, 𝐶ଷ and 𝐶ସ are the constants of integration, dependent on the boundary conditions. The shear force 

𝑉௦(𝑥) and the deflection of steel profile 𝑤(𝑥) are then obtained as : 

 
𝑉௦(𝑥) =

𝑑𝑀௦

𝑑𝑥
= 𝜑𝑒ఊ௫[𝐶ଶ cos(𝜑𝑥) − 𝐶ଵ sin(𝜑𝑥)] + 𝜑𝑒ିఊ௫[𝐶ସ cos(𝜑𝑥) − 𝐶ଷ sin(𝜑𝑥)]

+ 𝛾𝑒ఊ௫[𝐶ଵ cos(𝜑𝑥) + 𝐶ଶ sin(𝜑𝑥)] − 𝛾𝑒ିఊ௫[𝐶ଷ cos(𝜑𝑥) + 𝐶ସ sin(𝜑𝑥)] 

(17) 
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𝑤(𝑥) =

1

𝑘

𝑑ଶ𝑀௦

𝑑𝑥ଶ
=

1

𝑘
{2𝛾𝜑𝑒ఊ௫[𝐶ଶ cos(𝜑𝑥) − 𝐶ଵ sin(𝜑𝑥)]

− 𝜑ଶ𝑒ିఊ௫[𝐶ଷ cos(𝜑𝑥) + 𝐶ସ sin(𝜑𝑥)]

− 𝜑ଶ𝑒ఊ௫[𝐶ଵ cos(𝜑𝑥) + 𝐶ଶ sin(𝜑𝑥)]

− 2𝛾𝜑𝑒ିఊ௫[𝐶ସ cos(𝜑𝑥) − 𝐶ଷ sin(𝜑𝑥)]

+ 𝛾ଶ𝑒ఊ௫[𝐶ଵ cos(𝜑𝑥) + 𝐶ଶ sin(𝜑𝑥)]

+ 𝛾ଶ𝑒ିఊ௫[𝐶ଷ cos(𝜑𝑥) + 𝐶ସ sin(𝜑𝑥)]} 

(18) 

Based on Figure 33a, the boundary conditions for the embedded profiles are: 

 𝑀௦(0) = 𝑀ாௗ 

𝑉௦(0) = 𝑉ாௗ 

𝑀௦(1) = 0 

𝑉௦(1) = 0 

(19) 

The constants of integration are then obtained by solving Eqs. (19). However, in the case of the current 420 

configuration of the embedded profile (1-meter length), the following can be approximated: 

 𝐶ଵ = 𝑀ாௗ 

𝐶ଶ =
(𝑉ாௗ + 𝑎𝑀ாௗ)

𝑏
 

𝐶ଷ = 0 

𝐶ସ = 0 

(20) 

4.2.2 Defining Winkler foundation modulus 

The accuracy of the BEF model depends on the determination of the Winkler foundation modulus. In most 

studies, the value of this modulus is obtained empirically either from experiments or from numerical studies. 

However, the expression for the modulus in the case of embedded H-profiles is not available in the literature. In a 425 

first attempt in this paper, the Winkler foundation modulus is determined by considering the local deformation of 

the concrete based on a strut-and-tie model, as presented in Figure 36. The dimensions of the model are determined 

as following: 

 The angle of the strut (𝛼) is fixed by the position of the stirrups. 

 The height of the model (ℎ) is fixed by the position of the inferior HA8 bending rebars. 430 

 The width of the strut is determined with the expression below:  

 𝑏௦ = ቀ
𝑟

tan 𝛼
+ 𝑟 + 2𝑡௙ቁ sin 𝛼 (21) 

It should be noted that the determination of the width of the strut by adding 2𝑡௙ is inspired from the 

approach for the area of equivalent T-stub in compression provided in EN 1993-1-8 [30].  

 The length of the tie is computed by  

 
𝐿଴ = 2

ℎ

tan 𝛼
+ 𝑟 ൬1 −

1

tan 𝛼
൰ + 2𝑡௙ + 𝑡௪ 

(22) 
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where 𝑟, 𝑡௙ and 𝑡௪ are the fillet radius, flange thickness and web thickness of the profile section, 435 

respectively.  

 

Figure 36:Strut-and-tie model for BEF model. 

Consequently, in this model, the total displacement of the embedded profile is the sum of the displacements 

due to the deformability of the struts (𝑑ଵ) and of the ties (𝑑ଶ):  440 

 𝑑 = 𝑑ଵ + 𝑑ଶ (23) 

 

Figure 37: Total displacement of the strut-and-tie model. 

The displacement due to the deformability of the struts can be determined in relation to the force as (see Figure 

37): 

 𝑑ଵ =
∆𝑙

sin 𝛼
=

𝑁௖𝑙଴

𝐸௖𝐴௖௦ sin 𝛼
=

𝐹ℎ

2𝐸௖𝑏௦ sinଷ 𝛼
 (24) 

where 𝐸௖, 𝐴ୡୱ and 𝑁 are the Young’s modulus of the concrete, the section of the struts and the normal force in the 445 

strut, respectively. On the other hand, the displacement due to the deformability of the tie can be obtained in 

function of the elongation of the tie using the second-degree approximation, which gives:  

 𝑑ଶ =
∆𝐿

2 tan 𝛼
=

𝑁௧𝐿଴

2𝐸௦𝐴௦௧ tan 𝛼
=

𝐹𝐿଴

4𝐸௦𝐴௦௧ tanଶ 𝛼
 (25) 

In addition, the Winkler foundation modulus can be computed in relation to the force and the total 

displacement by 

 𝑘 =
𝐹

𝑑
 (26) 
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By combining Eqs. (23) to (26), we obtain 450 

𝑘 =
4𝐸௖𝑏௦𝐸௦𝐴௦௧ sinଷ 𝛼

𝐸௖𝑏௦𝐿଴ sin 𝛼 cosଶ 𝛼 + 2𝐸௦𝐴௦௧ℎ
(27) 

4.2.3 Numerical application 

For a numerical application of the model, the values of parameters conforming to the experimental test are given 

in Table 3. Regarding the section of the tie (𝐴௦௧), 8 HA-8mm rebars were placed inside the specimen within the 

first 400 mm from the concrete edge and after that one HA-8mm rebar each 100 mm of spacing (see Appendix A). 

In this first result, it is assumed to compute 𝐴௦௧ as following: 455 

𝐴௦௧ =
8 ×

𝜋 × 8ଶ

4
400

= 1 mmଶ/mm (28) 

Table 3: Values of parameters. 

Parameter 
𝛼 

[°] 

ℎ 

[mm] 

𝑡௪ 

[mm] 

𝑡௙ 

[mm] 

𝑟 

[mm] 

𝐺௦ 

[GPa] 

𝐴௦ 

[Cm2] 

𝐸௦ 

[GPa] 

𝐸௖ 

[GPa] 

𝐼௦ 

[MPa] 

𝐴௦௧  

[mm2/mm] 

Value 57 120 6.5 11 12 76.92 34 200 31 864 1 

Using these values of the parameters, the width of the strut, the length of the tie and the Winkler foundation 

modulus are obtained and reported in Table 4. Afterwards, adopting the values of parameters given in Table 3 and 

Table 4,  the distributions of the shear force (Eq.(17)) and the bending moment (Eq.(14)) at different load levels of 

the embedded steel profile for the BEF model are provided in Figure 38 and Figure 39, respectively. In addition, 460 

these figures also include the distribution of the shear force and the bending moment on the concrete section 

obtained using Eqs. (3) and (4), respectively. 

Table 4: Values of Winkler foundation modulus. 

Parameter 
𝑏௦ 

[mm] 

𝐿଴ 

[mm] 

𝑘 

[N/m2] 

Value 35 188.6 5.31E+09 

465 

It can be seen from these figures that the distributions of both shear forces and bending moments have similar 

trend between the analytical approach (BEF model) and the FE model until a load level of 20 kN (per profile). At 

this load level, the moment-deflection curves (see Figure 25) have a substantial change of slope, indicating 

permanent displacements of the system caused by local plastic deformation and damage of the concrete. Indeed, a 

linear elastic behaviour of the model of beam on elastic foundation is adopted. For a better estimation of the 470 

behaviour exceeding this point, an elasto-plastic behaviour of the spring should be adopted.  

In addition, it should be noted that, in overall, the analytical approach overestimates the bending moment and 

the shear force on both the embedded H-profile and the concrete slab by around 20 percent at a load level of 10 

kN and around 30 percent at a load level of 20 kN. It is important to remind that the results presented here are 

obtained by considering constant value of the Winkler foundation modulus along the length of the embedded 475 

profiles, whereas 8 HA-8mm rebars were placed inside the specimen only within the first 400 mm from the 
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concrete edge and after that one HA rebar at each 100 mm of spacing. The former is considered when computing 

the Winkler foundation modulus (k) in order to position for security, as the higher the value of k is used the higher 

the embedded H-profile is solicitated, so as the concrete slab. This is confirmed by the results of the sensitivity 

study by changing the value of k to 2k and 0.5k, illustrated in Figure 40. 480 

(a). F = 10 kN.  (b). F = 20 kN. 

 (c). F = 30 kN.  (d). F = 40 kN. 

 (e). F = 50 kN.  (f). F = 60 kN. 

Figure 38: Comparison of distribution of shear force on steel and concrete sections at different load levels (per profile). 
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 (a). F = 10 kN. 

 
 (b). F = 20 kN. 

 
 (c). F = 30 kN. 

 
 (d). F = 40 kN. 

 
 (e). F = 50 kN. 

 
 (f). F = 60 kN. 

Figure 39: Comparison of distribution of bending moment on steel and concrete sections at different load levels (per profile). 

 
 (a). Shear force. 

 
 (b). Bending moment. 

Figure 40: Sensitivity study on the value of the Winkler foundation modulus (at a load level of 10 kN). 485 
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In the design of the balcony-to-slab connection, the BEF model can be adopted to determine the distributions of the 

bending moments and the shear forces in the embedded steel profiles, as well as in the concrete. The design needs to verify 

that these bending moments and shear forces do not exceed their elastic limits, respectively. 

5. Conclusion

This paper presents experimental and numerical investigations on the behaviour of long embedded H-profile 490 

balcony-to-slab connection. A reduced large-scale experimental test on the system has been carried out in order to 

determine the bearing capacity, the deformation capacity, the cracking patterns, the failure mode of the system and 

the deformation distribution as well as the bending distribution of the embedded profile. For a better understanding 

of the load transfer mechanism of the connection system, a full 3D FE simulation of the experimental test has been 

performed in ABAQUS/Explicit and validated against experimental results. Based on the useful information 495 

obtained from the validated FE model, a practical design approach based on Timoshenko beam on elastic 

foundation is investigated considering the local deformation of the concrete based on a strut-and-tie model. The 

following results are obtained from this study: 

 The experimental results show inclined cracks on the concrete slab, initiated from the extremities of

the top flange of embedded H-profiles. The failure was governed by cracks that link these inclined500 

cracks to the lateral cracks. In addition, compared to the experimental results, the expressions for the

ultimate shear and bending capacities derived from the assumed stress distribution by Mattock and

Gaafar [4] are not satisfying for the case of the present embedded H-profile balcony-to-slab

connection.

 The FE simulation of the experimental test has been successfully developed and validated against505 

experimental data. A good agreement is obtained between the results obtained from the FE model

and those from the experimental test, such as the moment-deflection curves of the cantilever beams

and of the concrete slab, the distribution of the bending moment along the axis of the embedded H-

profile, and the evolution of the strains on the embedded H-profile in function of the bending moment

at different positions along the axis. The FE model is also able to accurately reproduce the510 

observations made in the experimental tests such as the inclined cracks, the flexural cracks, the

inclination angles of the cracks and the failure mode. At last, the distributions of the shear force and

of the bending moment on the composite cross-section agree well with the results using the classic

beam theory.

 Deduced from the results of the validated FE model, it is possible to assume that the shear force515 

applied to the composite cross-section is a sum of the shear forces applied to the embedded H-profile

and the concrete slab cross-sections. The same also applies to the bending moments.

 With the proposed strut-and-tie model for estimating the Winkler foundation modulus, the BEF

model is able to provide results that reasonably match with those from the FE model in the linear

elastic range, but deviate in the nonlinear range. Even so, the model is conformed to the conventional520 

method for structural analysis based on the elastic theory.
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Clearly, these conclusions are based on a relatively limited number of tests and numerical studies. In the future, it 

is interesting to perform additional experimental tests and a parametric study using the validated FE model in order 

to investigate the influence of important parameters on the behaviour of the connection system.     
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Appendix A: details of the reinforcement rebars of the test specimen. 

530 

Figure A1: Nomenclature. 

Figure A2: Plane view. 

Figure A3: Cut 1-1. 535 
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Figure A4: Cut 2-2.  

 

Figure A5: Cut 3-3.  540 
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Appendix B: details of the steel profiles of the test specimen. 

545 

Figure B1: Dimensions of steel profiles of the test specimen. 
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