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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
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
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

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
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
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].
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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
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.
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-slab
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
[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

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

Reinforcement rebars Embedded H-profile

Wall

Slab

-

Balcony H-profile cantelever

70 (a). (b).

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

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

go 2. Experimental program

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

85 the cantilever (Figure 3c¢).
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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
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 X 300mm X 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
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

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

Rear supporting
frame

Mechanical Pin — | | Mechanical pin

Specimen — [ |

Front supporting
column

Mechanical Pin

Figure 4: Test setup.
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105 Figure 5: Detail of the support system.

HEA-200

UPN-200

Supporting column

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

110 with a thickness of 200 mm, a steel tube with a section of 50x50x3 mm, an HEB-120 cross-beam and reinforcement
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 400x400x400 mm were

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

HEB-120 profile 400

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
materials used on the day of experimental test, compressive concrete tests on three-cylinder samples with a
dimension of 11 X 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
summarized in the Table 1. n is the number of the samples. fe,, fym and f,., are the mean values of the
compressive strength of the concrete, of the yield strength and of the ultimate strength of steel elements,
respectively. o 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.

fem Ocm fi ym Oym Jum Oum
Elements n
[MPa] | [MPa] | [MPa] | [MPa] | [MPa] | [MPa]

Concrete 3 36.9 1 - - - -

Web 3 - - 386.9 16.3 509.9 6.7
HEB-120

Flange | ¢ - - 395.5 7.7 515.1 7
o8 3 - - - - 6212 | 14.8
Rebar $10 3 - - - - 550.1 14.3
¢12 3 - - - - 5989 | 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
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 Dy to Dyis were installed (see Figure 8). Among them, 11 sensors (Dys to Dyis) were placed below the
concrete slab and 4 sensors (Dyi to Dys) were placed below the HEB-120 cantilever beams. The sensors Dys and
D9 were positioned close to the front supports to measure their settlements. The same was done with sensors Dy 14
and Dyis 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)
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.

230 1520 1200
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(a). Side view. (b). plan view.

Figure 8: LVDT displacement sensors (dimension in mm).
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(@) (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
155 the test. The first cracks of concrete were observed below the embedded steel profiles (see Figure 12) during the
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

Accepted manuscript



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,
160 these cracks propagated upward to the top surface of the concrete slab (point C, D, E or F), in a reverse direction
compared to the diagonal cracks. Additionally, vertical flexural cracks were observed in the middle area between

the steel profiles (see Figure 13d).

140
G
E 120
2
& 100
£ F
2 80 E
=
&
g 60 C -
g B
St
S 40
i A
=]
B 20
0
0 10 20 30 40 50 60 70
Displacement by censor Dv1 [mm]
Figure 11: Force-displacement curve of the force jack.
165 On the bottom surface of the concrete slab, cracks that linked the diagonal cracks were noticed when the loading

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

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

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

Figure 12: First cracks during the 25 initial cycled loading.
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(c). Top view.

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

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

175 Figure 13: Observations during the test.

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).

1310 1020

—_
—
—

——— Initial state
——— Rigid movement
— — Total movement

dyia -
t
I
= Fy1 dvl
= 5 5 -
nx
S

-

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.

70

60

50

40

30

—sensor Dv1
—--sensor Dv2
----- sensor Dv3
—-- sensor Dv4
— —sensor Dv5

Bending moment per steel profile [KN.m]

"""""" sensor Dv7
----sensor Dv8

0 10 20 30 40 50 60 70
Deflection [mm]

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 Aj-Aj and A»-A», in Figure 17 for sections B;-B; and B»-B,, and in Figure 18 for section
B3-Bs. 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 A;-A; 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 A-A; when the load reached 110 kN in total force.

-0 70

70 70
§ 5 60 /
< v = 50 ,
g g /
g ST - 40 '
E 2 g
z i z 30 /f P Is
@ =9 /i
by —J4 S 20 36
g / 7
R B 0\ 127

124 s

U

20.003 -0.002 -0001 0 0001 0002 0003 0004 0005 0003 -0.002 -0.001 0  0.001 0.002 0.003 0.004 0.005
Strain [-] Strain [-]

(a). (b).

Figure 16: Force-strain curve - (a). Section Ai-Aj. (b). Section Az-Aa.
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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-
plastic behaviours (see Figure 20). Regarding the elastic-plastic behaviour, the stress is considered to be limited at
fy, 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 f;,.
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Figure 19: Evolution of the bending moment along the embedded profile HEB 2 at different load levels (force per profile).

Figure 17: Force-strain curve - (a). Section Bi-B1. (b). Section B2-Ba.
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Figure 20: Distribution of stress and strain on the cross-section (Section Ai-Aj).

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:

0.58 — 0.228;
V, = 0.85£,6,bl, | ———— gt M
088+
e
_ a (2)
Mmax = Y (a * 1.7fcb)

where f. is the mean concrete compressive strength, b is the width of the embedded H-profile, [, is the
embedded length of steel profile in concrete, a is the span of the shear force (taken equal to 0.92 m), and B; is
taken equal to 0.85. Using Egs. (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
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

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,, | Max. moment M,
[kN] [kN.m]
Experimental results 62 63
Estimation [4] 700.4 709.3
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3. Finite element simulation

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.

Rigid plate

Steel profile

(a). Dimensions of the model (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).
The meshing of the concrete part around of the embedded steel profile was refined with a size of 10 X 10 X 25 mm
(see Figure 21a). The rest of the concrete has an element size of 10 X 25 X 25 mm or 25 X 25 X 25 mm. The
overall mesh size of the steel profiles, the steel tube, the rigid plate and the steel rebars are 10 X 11 X 27 mm,
22X 27.5x 3 mm, 25 X 25 X 10 mm, and 25 mm, respectively (see Figure 21b). A refined mesh as small as

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

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
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
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 (Uy) and the rotation in X-direction (Rx). It should be noted that the rigid plate had
the same dimension as the steel plate did (160 X 300 X 10 mm). Secondly, the displacement in X-direction (Uy)
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 (Uy) 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
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.

Detail 2

Symmetric plane Uy=0
(Ux=0)

[, \
Reference point2 —> "/

Detail 1

z

-~

(Load application point)

| {{é L S L Uy=0
—// . ! Y (Lateral bracing)
7 Lateral bracing 4 Reference point 1
< E ZA X '\ f/‘}/ (mechanical pin)
(a). Experimental test setup. (b). FE Model.

Figure 22: Boundary and loading conditions.

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
are 31000 MPa, 37 MPa and 2.6 MPa, respectively. The parameters used in the model are the following: the
dilation angle ¥ = 40°, eccentricity € = 0.1, the stress ratio g3,4/0.o = 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
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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(a). Steel profile. (b). Rebars.

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
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

of both the cantilever beams (Dy; and Dy3) and the concrete slab (Dys and Dy7).
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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
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
also appeared. The FE model exhibited lateral and corner cracks at the maximum load, consistent with the

experimental results.
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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

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 Aj-A; and Bi-B;.
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Figure 27: Comparison of force-strain curves - (a). Section A-Aji. (b). Section Az-Aa.
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Figure 29: Comparison of force-strain curves - Section B3-Bs.

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
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.
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.

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.

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-
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 Vi, are the sum of the forces

applied to the H-profile (noted by I%) and to the concrete sections (noted by 1), as defined below:

Vr=Vs + 1 €)
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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 = Om) 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

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 My, is the sum of the bending moments applied to the H-

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

My = M, + M,

“

Accepted manuscript



Axis [m] Axis [m]
0 0.2 0.4 0.6 0.8 1 12 1.4 1.6 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
0 f f } t 4 + + 0 f t t t + + +
— -l T ‘\_ 'g 27 '\.i
824N Z 410N
. \
é SB30N = 67 N
-
s a4t * g -8+
5] / g K
Es1 4 g 101 *
g1 w-12T  f
&n K = /)
g7 IR G
E 84 —=—Composite section 5 -16 - —=—Composite section
/A 9 4 -+~ Steel H-section only R 18 A -4 -Steel H-section only
-+ Concrete section only —= Concrete section only
-10 -20
(a). F= 10 kN. (b). F =20 kN.
Axis [m] Axis [m]
0 0.2 0.4 0.6 0.8 1 12 1.4 1.6 0 0.2 0.4 0.6 0.8 1 12 1.4 1.6
0 4= } } } } L + + 5
[
- pY N ‘ ‘ ‘ ‘ ¥ +
g -5+ A\ 5 ~
E' - E B e
::) -10 + E 210 +
Q -15 +
E 5+ E
£ g -20 T
220+ 2oas
g : -#—Composite section E -30 —=—Composite section
g -25 ] -+ -Steel H-section only =] 35 4 -4 -Steel H-section only
—=- Concrete section only —=- Concrete section only
230 -40
(c). F =30 kN. (d). F=40 kN.
Axis [m] Axis [m]
0 02 04 06 08 1 12 14 16 0 02 04 06 08 1 12 14 16
10 10
_ = RN | | ; A A
E 0 Lot e | . . . N " " E. 0 T * * *
g Z 01
-10 + -
-
=
5 Qé 20 +
E 20 | S
= g 30 +
=
230 + £
= = -40 T - -
5 —=—Composite section 5 —=—Composite section
M -40 1 -4 -Steel H-section only R .50 + ~+-Steel H-section only
T —- Concrete section only L iyFle —= Concrete section only
-50 -60

(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).

355 It is worth noting that the solution from the finite element model is only an approximation of the real problem,
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
360  design of the embedded H-profile balcony-to-slab connection, i.e. both the embedded H-profile and the reinforced
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-
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.

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.

F Veq
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Meg Megq
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1=0.92 ‘ | 1.36
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Vg Ve
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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
forces at the edge of the concrete (embedded point) are the following :

Mgy; = 0.92F 5)
Vea =F (©)

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

approximation by explicit finite element solution.
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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
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

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

embedded steel profile.
dx
v tY
w
X

Ms+dM

M S S
| /_|__|\‘,|/ VS+dVS
p(x)

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 6,(x) by

405 the following expression :

Ms(x) = Esls% (7

with Eg, I; 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:

dwix) | 1 dM.(x)

0,(x) = —
5(%) dx G A, dx

®)

where G; and A; 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:

d*M(x)
— =P ®
410 Based on Winkler foundation, the pressure distribution on the embedded profile by the concrete p(x) is assumed

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 Egs. (7)-(10) gives a differential

equation of bending moment as following:

d*M,(x) d*M,(x)
dx* — 4 dx2 +ﬁOMs(x) =0 (1D
with
= k 12
Qo 2G.4, (12)
k (13)
Bo = El
s°s
415 The exact solution to this differential equation is
M(x) = e *[C; cos(px) + C, sin(px)] + e"*[C5 cos(px) + C, sin(px)] (14)
with
47 [arccos( a, )] (15)
y = /B cos —
2 \/E
VE [arccos( ag )] (16)
¢ = /By sin —
2 \/E

and, C;, C,, C3 and C, are the constants of integration, dependent on the boundary conditions. The shear force

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

aM.
Vi(x) = d_xs = @e?*[C; cos(px) — Cy sin(px)] + @e™[C, cos(ex) — C3 sin(¢x)]

(17)

+ ye¥*[C; cos(px) + C, sin(px)] — ye V*[C5 cos(px) + C, sin(px)]
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1d?M; 1 y : (18)
ke E{Zy(pey [C; cos(px) — C; sin(gx)]

— @2e Y*[C5 cos(px) + C4 sin(px)]

w(x) =

— @Z%e?[C, cos(px) + C, sin(gx)]
— 2ype Y*[C, cos(px) — C5 sin(px)]
+ y2e?*[C; cos(gx) + C, sin(gx)]
+ y2e7"*[C; cos(gx) + C, sin(px)]}

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

M;(0) = Mgq (19)
Ve(0) = Vgq

M,(1)=0

V(1) =0

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

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

€y = Mgq (20)

_ (Vga + aMgq)

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
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 (@) 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.

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

T . 21
bs=(m+r+2tf)sma @

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

h 1 (22)
Ly=2—— (1——) 2t t
0 tana+r tan a tetr by
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435 where 1, tr and ¢, are the fillet radius, flange thickness and web thickness of the profile section,

respectively.
. —— Tensile tie
Stirrup

HAS rebars —— Compressive strut

(o 5 0
@) ®)

I
Concrete slab Embedded profile HAS rebars

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

440 due to the deformability of the struts (d,) and of the ties (d,):

/ \

b N
— / \
h - /. // ‘ | \\\ +
A N
Yo
I
L, I,
a. Total displacement b. Displacement due to struts c. Displacement due to ties

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):

AL N, Fh
“sina E,A,sina  2E,bgsin®a

d, (24)

445 where E., A.s and N are the Young’s modulus of the concrete, the section of the struts and the normal force in the
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:

AL N¢Lg FLy
d, = - = (25)
2tana  2EAgtana  4E A tan? a
In addition, the Winkler foundation modulus can be computed in relation to the force and the total
displacement by
F
k=- 26

7 (26)
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By combining Egs. (23) to (26), we obtain

4E.b,E A, sin® a

k =
E bsLysin a cos? a + 2E,Agch

@7

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 (4y;), 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 A, as following:

g x X 8?2
= 4 _ 2 (28)
Agt 200 1 mm*/mm

Table 3: Values of parameters.

a h tw tr T Gs A E; E. I Ay
Parameter
[°] | [mm] | [mm] | [mm] | [mm] | [GPa] | [Cm?] | [GPa] | [GPa] | [MPa] | [mm?*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,
these figures also include the distribution of the shear force and the bending moment on the concrete section

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

Table 4: Values of Winkler foundation modulus.

by | Lo k

[mm] | [mm] | [N/m?]

Parameter

Value 35 188.6 | 5.31E+09

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

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

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 & 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 & to 2k and 0.5k, illustrated in Figure 40.
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Figure 38: Comparison of distribution of shear force on steel and concrete sections at different load levels (per profile).
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Figure 39: Comparison of distribution of bending moment on steel and concrete sections at different load levels (per profile).
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Figure 40: Sensitivity study on the value of the Winkler foundation modulus (at a load level of 10 kN).
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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
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
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:

e  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 inclined
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.

e The FE simulation of the experimental test has been successfully developed and validated against
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 the
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.

e Deduced from the results of the validated FE model, it is possible to assume that the shear force
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.

e  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 conventional

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.
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Appendix B: details of the steel profiles of the test specimen.
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Figure B1: Dimensions of steel profiles of the test specimen.
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