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Research paper

Experimental tests of steel balcony connections — part 2

Maciej Tomasz Solarczyk!, Pawel Piotrkowski?, Maciej Niedostatkiewicz’

Abstract: Paper presents theoretical analysis and results of experimental tests of three prefabricated balcony
sets in natural scale with dimensions (width x length X height): 2.0 m X 2.78 m x 0.186 m (in a slope to
0.17 m) and one with dimensions: 2.0 m X 2.78 m X 0.2 m, consists of reinforced concrete slabs connected
with each other with steel balcony connections. The impact of variable parameters (elongation of anchorage
of balcony connections in ceiling slab, concreting of test elements in two stages, using of muffs as couplers
to connect the longitudinal reinforcement bars in balcony sets and different height of the balcony slab) on
the load bearing capacity of the elements are analysed. During the experimental tests deformations in the
balcony connection using strain gauge sensors were measured. Global safety factor for all tested elements
are determined. A numerical shell model of balcony connection is presented, validated using the results
from experimental tests.
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1. Introduction

This paper is a continuation of the publication [1].

In [1] authors presents theoretical analysis and results of experimental tests of three
prefabricated balcony sets in natural scale with dimensions (width X length X height):
2.0 mx2.78 mx0.186 m (inaslope to 0.17 m) and one with dimensions: 2.0m X 2.7 m X 0.2 m,
consists of reinforced concrete slabs connected with each other with steel balcony connections.
The impact of variable parameters (elongation of anchorage of balcony connections in ceiling
slab, concreting of test elements in two stages, using of muffs as couplers to connect the
longitudinal reinforcement bars in balcony sets and different height of the balcony slab) on
the load bearing capacity of the elements were analysed. In [1] the test stand was described.
During these experimental tests, the crack morphology was determined, displacements and
crack widths were measured. The paper contains also a review of the scientific papers in the
field of balcony connections.

In this paper deformations in the balcony connection using strain gauge sensors are
described. A numerical model of balcony connection is presented, validated using the results
from experimental tests.

Preliminary experimental tests of steel balcony connections in the aspect of load bearing
capacity of balcony — slab joint was presented in [2]. Experimental tests of full-scale
prefabricated balcony sets consist of reinforced concrete slabs (balcony and ceiling) connected
with each other with double-type balcony connections was described in [3].

2. Materials and methods

The authors tested full-scale prefabricated balcony sets: three with dimensions
(width x length X height): 2.0 m x 2.78 m x 0.186 m (in a slope to 0.17 m) and one
with dimensions: 2.0 m x 2.78 m X 0.2 m. The assumed differences between the sets were
discussed in [1]. The sets consists of reinforced concrete slabs (balcony and ceiling) connected
with each other by balcony connections. The overhang of the cantilever (measured to the edge
of ceiling slab) equals L.g = 1.78 m. Concrete C30/37 and reinforcement steel K500-B-T were
used to build the balcony sets.

Experimental tests were carried out on a specially designed test stand (Fig. 5 in [1]), which
was adapted to the Zwick-Roell 500 kN testing machine. The two hydraulic jacks of testing
machine were placed at a spacing of 2.0 m (one act as a ballast). It was assumed that balcony sets
would be loaded quasi linearly, parallel to the outer edge of balcony slab by use of set of beams
on which the concentrated load (F') of the hydraulic jack of the testing machine was applied.

Loading scheme during experimental tests corresponded to the theoretical (standard)
loading scheme of the balcony slab. During tests strains of steel (strain gauges with an accuracy
of 0.1 x 1/200 mm/m) were tested [4,7].

In balcony set I_ZB_1_1 a 36 strain gauges — Fig. 3, while in Il ZB_1_2,11_ZB_1_3 and
II_7ZB_1_4 a 12 strain gauges in each balcony sets were used — Fig. 4.

Strain gauges in strain diagrams of balcony connections were marked as follows (Fig. 1):
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1 T1
(1) )

Fig. 1. The method of marking strain gauges

1-(1,2,3,4,5,6,6,5°,2 or 1’) — reinforcement bar on which a strain gauge was glued
— numeration according to Fig. 3 and Fig. 4.

(2) - (T1, T2, T3, T4, TS5 or T6) — number of strain gauge — numeration according to Fig. 3

and Fig. 4. On Fig. 2 a photo of the balcony connections before concreting, explaining the
location of strain gauges was presented.

In terms of strain in steel measurements, the following sign convention was assumed: “+”
denotes compression and “~” denotes tension.

In the strain diagrams in section 3. (Fig. 5-Fig. 10), example results (due to the fact that
in all balcony sets the stresses in T1, T2, T3, T4, T5 and T6 strain gauges did not differ
significantly between [_ZB_1_1,11_ZB_1_2,11_7ZB_1_3 and II_ZB_1_4) of tests for each of
measured points are shown (from T1 to T6).
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Fig. 2. Strain gauges glued on balcony connections (plan view) in full set of strain gauges
(see Fig. 3 and Fig. 4)
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3. Arrangement of strain gauges on balcony connection during Stage I of tests
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Fig. 4. Arrangement of strain gauges on balcony connection during Stage II of tests (height of balcony

slab: 20 cm for II_ZB_1_4)

The maximum value of load obtained in tests was assumed as the failure force (F),). During
testing, the value of the force was taken as the load from the hydraulic jack of the Zwick—Roell

500 kN testing machine, given with an accuracy of 0.1 kN.
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3. Experimental results

The amount of strains in gauges placed on bars (see T1 and T2 — Fig. 5 and Fig. 6) showed
that most of the load was taken by the bars on the ceiling slab side (T2), which is natural due
to the greater overhang and related with that — higher values of bending moments. The first
bars on the ceiling slab (Fig. 6) reaches the yielding point at a load level (F/F,,) of about 0.6,
while on the balcony slab (Fig. 5) this point is reached at a load level of about 0.85.
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i I_ZB_1_1 strain gauges T4 P oOiN
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Fig. 5. Strains of the reinforcement in balcony set I_ZB_1_1 measured for T1 strain gauges during Stage
I of tests
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Fig. 6. Strains of the reinforcement in balcony set I_ZB_1_1 measured for T2 strain gauges during Stage
I of tests
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Strain gauge T3 (Fig. 7) was placed on the top of the balcony connection (in the middle),
on the reinforcement bar welded to plate. Tensile stresses values were below the yield point,
and were lower than stresses obtained in the T1 and T2 strain gauges (see Fig. 5, Fig. 6 and
Fig. 7) — reaching a maximum o = 150 MPa.

T, T T,
-t -~ Strains of the reinforcement F,=42.3kN
S SN |_ZB_1_1 strain gauges T3 Fer=5.0kN
0 f, = 533MPa
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FIF, []
Fig. 7. Strains of the reinforcement in balcony set I_ZB_1_1 measured for T3 strain gauges during Stage
I of tests

For strain gauge T4 (Fig. 8) placed in the middle of plate — horizontally (see Fig. 2, Fig. 3
and Fig. 4) the stresses were constant, regardless of the load level.
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Fig. 8. Strains of the reinforcement in balcony set I_ZB_1_1 measured for T4 strain gauges during Stage
I of tests
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Strain gauge T6 (Fig. 9) was placed on the bottom of the balcony connection in compression
zone. The stress values increased almost linearly at subsequent load levels. The stress
o = 100 MPa at failure was approximately twice lower than the value of the tensile stress at
failure in the T3 strain gauge o = 200 MPa (see Fig. 7).
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Fig. 9. Strains of the reinforcement in balcony set II_ZB_1_3 measured for T6 strain gauges during Stage
II of tests

For strain gauge TS (Fig. 10) placed in the middle of plate — vertically (see Fig. 2, Fig. 3
and Fig. 4) the stresses were constant, regardless of the load level and oscillated around 0 MPa

over the entire load range.
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Fig. 10. Strains of the reinforcement in balcony set II_ZB_1_4 measured for TS5 strain gauges during

Stage II of tests
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4. Static calculations

The values of internal forces (Mgy) were determined from standard actions [8] (also using
standards [9], [10]) and was described in [1].
B-h* 200 cm-(18.6 cm)*

6 6 B

11532.0 cm? (13333.3 cm? for II_ZB_1_4 due to different balcony slab height — see [1])

Mean yield strength of reinforcement: f; = 533 MPa (obtained from testing samples of
reinforcing bars with a diameter of ¢ 12 mm).

Effective depth of cross section: d = 9.6 cm (for [I_ZB_1_4: d = 6.6 cm — measured from
the bottom of the transverse plate of the balcony connection).

As lever arm of internal forces z, the distance between the centroid of the tension
reinforcement of the balcony and the centroid concrete compression force (which was
calculated as the force acting on the transverse plate of the balcony connection) was assumed.

Section modulus before cracking for balcony: W =

Table 1. Calculated theoretical cracking moment and resistance due to bending moment for balcony
connections in Stage I and Stage II of tests

I1.ZB 11 II.7ZB 12 1I1.ZB 13 |11.ZB 1 4

Mean value of concrete for ceiling slab: 53.0

compressive strength: 38.0 38.1 37.9
Jem [MPa] for balcony slab: 43.0
Calculated cracking moment: 334 36.9 133 136

Mcr,ca]c =W fetm [kKN-m]

Mean value of resistance due to
bending moment: 62.3 64.3 62.3 49.1
Mgk = A1 - fy - z [KN-m]

5. Analysis of experimental results

Results of experimental tests — deflections, crack morphology and crack widths were
described and analysed in [1].

The failure of all tested balcony sets was caused by gradual pulling out of the balcony
connections from the concrete of the ceiling slab. At that time, cracks and fragments of concrete
which had split off from the front of ceiling slab were visible. This corresponded to a significant
deflection of about 19 cm.

Calculated resistance due to bending moment Mg (assuming yielding in reinforcement
bars of balcony conne;‘c/:ltions) related to failure moment M,, (value taken from Table 1 in [1])

RE — 0.69.

For balcony Connectigns, the average global safety factor was y = 2.19 and additionally for
all of sets the global safety factor was higher than 2.0.

was on average n,, =
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Table 2. Summary of the determined safety factors and load level factors for balcony connections in Stage
I and Stage II of tests

Description Symbol [I.ZB_1 1|I1.ZB_1 2|11_.ZB_1 3|11_ZB_1 4
Ratio of the calculated M
resistance to failure | calc/test |7, = % 0.76 0.69 0.70 0.59
moment u
M
Loadlevel from | o vest | = MEE | 48 0.43 0.45 0.49
standard actions M,
Central safety | 10/ care|  MEK 0.63 0.61 0.63 0.83
factor [11] MRy
M,
Global safety | o\ /cate | y = 20w | 208 235 2.25 2.06
factor MEg

6. FEM model of balcony connection

In order to carry out a numerical analysis [12] of the balcony connection, a shell model was
created in the Autodesk®Robot™Structural Analysis Professional version 2015 (educational
license) — ARSA.

The Delaunay meshing method with quadrilaterals 4-node finite elements with a mesh size
of 2.5 mm was used.

An analysis of the convergence of the FE mesh was performed with another doubled mesh
refinement for element sizes: 10 mm, 5 mm, 2.5 mm and 1.25 mm. In the presented calculations
1% difference in internal forces results is taken as a limit for the subdivision of FE mesh.

The dimensions of the elements of the balcony connection were taken from Fig. 1 in [1].
In the ARSA program a ¢12 mm bar was modeled as a shell element with equivalent cross-
sectional area equals area of a reinforcing bar (1.13 cm?) made of steel with a yield strength of
533 MPa, undercut plate with thickness of 20 mm made of S355J2G3 steel and two transverse
plates with thickness of 12 mm made of S355J2G3 steel.

As the supports: fixed displacement in x-direction (see orientation — Fig. 11) on the
reinforcing bar ¢12 mm and on a transverse plate on the ceiling side of seta and fixed
displacement in the z-direction on a fragment of the undercut plate on the ceiling side of set
(see Fig. 12) were used. Additionally, single elastic supports were introduced to ensure the
stability of the model.

The load to the balcony connection model was applied as a tensile force of 60 kN acting on
the reinforcing bar (causing yielding of the ¢12 mm bar with f}, = 533 MPa), a compressive
force of 60 kN (providing the equilibrium of forces in the structural system) applied to the
transverse plate and the undercut fragment of plate (up to the effective height of the compression
zone) and a shear force of 4.9 kN (the force value was calculated from the model from which
the yielding of the longitudinal reinforcement was obtained).
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—bl_12mm
— fi_12mm
—pl_20mm

Fig. 11. Shell computational model of the balcony connection with assumed thicknesses of elements

Fig. 12. Finite Element mesh of the balcony connection (with size of 2.5 mm) with supports in the ARSA
program

Based on the linear-elastic analysis, it can be concluded that the stress values (using the HMH
(Huber—Mises—Hencky) hypothesis [13, 14]) in the plate elements of the balcony connection do
not exceed the yield point. The stress values (Fig. 13) on the top (strain gauge T3) and the bottom
(strain gauge T6) of the balcony connection do not differ significantly from those determined
from strain gauge measurements (see Table 3 — place 3 and place 6 — difference less than 5%). A
significant difference in the results is observed for strain gauges 4 and 5 (especially 4) — however
it should be underlined that this place is a complex state of stress and any mistake in gluing the
strain gauge (a slight difference in the angle of its attachment) may result in divergent results.
Moreover, it should be noted that the stresses in this place are low (a few MPa) — therefore,
percentage differences in subsequent results are additionally sensitive to any fluctuations.
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Fig. 13. Complex stresses in the linear-elastic state by HMH (Huber—Mises—Hencky) hypothesis in the
balcony connection in the ARSA program. The stresses in the balcony connection plate are lower than
the yield strength

Table 3. Comparison of the test results with obtained from simplified numerical model (convention: “+” —

tension, ,.— — compression)
Plagpf:; ::fésil'): Otest [MPa] Oeale [MPa] Diﬁ['ti;;nce Test results
3 Oxx 171.9 171.72 0.1 see Fig. 7.
4: oxx —26.6 -11.55 130.3 see Fig. 8.
5:oyy 12.6 10.73 17.4 see Fig. 10.
6: Oxx -115.3 -120.44 4.3 see Fig. 9.

Based on the numerical results obtained from the ARSA program, it can be concluded that

the connector model has been properly validated against experimental data.

7. Conclusions and summary

The mode of the failure of all tested sets was similar and showed gradually pull out of
balcony connections from the ceiling slab and fragments of concrete that had split off from
the front of the ceiling slab were visible. The pull out of balcony connections occurred in
subsequent steps of loading after reaching the failure force, in which the deflection increased
(rotation of the balcony connection), with the decrease in force.
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Despite the increase in anchorage length of the balcony connection in the ceiling slab and
the thickness of balcony slab (set II_ZB_1_4), no significant increase of load-bearing capacity
was observed. The reduction of effective depth of a cross section is the reason for this, and it is
not compensated by the increase of anchorage length and balcony slab thickness.

The results of the deflections show that the modified geometry of balcony connection
(elongation of anchorage) in set II_ZB_1_4 did not reduced the vertical displacement of the
balcony (see Fig. 15 in [1]).

No negative effects on use of muff on longitudinal reinforcement bars were observed.

Concreting the elements in two stages (ceiling slab and balcony slab build with a two-day
interval) did not result in significant changes in the load-bearing capacity of the balcony sets
(the basic difference is the result of obtaining higher concrete strength in this element).

In a further stage of work, an attempt to optimize the geometry of the balcony connection
will be made, in order to improve the economic parameters (lower steel consumption in balcony
connection) with relatively low losses in the load-bearing capacity or serviceability of the
balcony connection.
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Badania eksperymentalne stalowych tacznikéw balkonowych — czes¢ 2

Stowa kluczowe: badania eksperymentalne, balkony, taczniki balkonowe, konstrukcje zelbetowe

Streszczenie:

W artykule przedstawiono analizg teoretyczng oraz wyniki badafi eksperymentalnych dotyczacych pre-
fabrykowanych zestawéw balkonowych w skali naturalne;j: trzech o wymiarach (szerokos¢ x dlugosé x wy-
soko$¢): 2.0 x 2.78 x 0.186 m (w spadku do 0.17 m) oraz jednego o wymiarach: 2.0 X 2.78 x 0.2 m,
sktadajgcych si¢ z zelbetowych ptyt potaczonych ze sobg za pomoca stalowych tacznikéw balkonowych.
W publikacji przeanalizowano wptyw parametréw zmiennych (zwigkszona dtugo$¢ kotwienia tacznikéw,
betonowanie elementéw badawczych w dwdch etapach, zastosowanie muf na pretach zbrojenia podtuz-
nego oraz zwigkszona grubos¢ plyty balkonowej) na nosnos¢ elementéw. W trakcie badafi mierzono
odksztatcenia w 1aczniku balkonowym za pomoca czujnikéw tensometrycznych. Wyznaczono globalny
wspotczynnik bezpieczenstwa dla wszystkich badanych elementéw. Przedstawiono powlokowy model
numeryczny tacznika balkonowego, zwalidowany przy pomocy wynikéw badain eksperymentalnych.
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