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a b s t r a c t

A full-scale composite floor plate was tested to investigate the flexural behavior and in-plane effects of
the floor slab in a grillage of composite beams that reduces the tendency for longitudinal splitting of
the concrete slab along the line of the primary beams. This is important in cases where the steel decking
is discontinuous when it is orientated parallel to the beams. In this case, it is important to demonstrate
that the amount of transverse reinforcement required to transfer local forces from the shear connectors
can be reduced relative to the requirements of Eurocode 4. The mechanism under study involved in-plane
compression forces being developed in the slab due to the restraining action of the floor plate, which was
held in position by the peripheral composite beams; while the secondary beams acted as transverse ties
to resist the forces in the floor plate that would otherwise lead to splitting of the slab along the line of the
primary beams. The tendency for cracking along the center line of the primary beam and at the peripheral
beams was closely monitored. This is the first large floor plate test that has been carried out under lab-
oratory conditions since the Cardington tests in the early 1990s, although those tests were not carried out
to failure. This floor plate test was designed so that the longitudinal force transferred by the primary
beams was relatively high (i.e., it was designed for full shear connection), but the transverse reinforce-
ment was taken as the minimum of 0.2% of the concrete area. The test confirmed that the primary beams
reached their plastic bending resistance despite the discontinuous decking and transverse reinforcement
at the minimum percentage given in Eurocode 4. Based on this test, a reduction factor due to shear con-
nectors at edge beams without U-bars is proposed.

� 2019 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
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s would be the case in practice. This test was repeated over a
ew cycles of working load and factored load, followed by an
ncrease up to a load; this resulted in an acceptable maximum
eflection that would not cause serious damage to the floor plate,
hich might affect subsequent tests. The second test series that
as carried out focused on the edge beams by applying load
irectly onto these beams; this investigated the tendency for split-
ing of the concrete slab near its edge. On one edge, U-shape rein-
orcing bars (U-bars) were used to provide local anchorage,
hereas on the other edge, no additional reinforcement other than
he mesh was used. Finally, a robustness test was performed on the
ide of the secondary edge beams without U-bars in which the sup-
ort to the column was removed.

. Details of the full-scale composite floor plate

.1. Design of the composite floor plate
1. Introduction

Steel-concrete composite structures are themost common forms
of flooring system used in steel-framed structures and have been
widely used for many years all over the world [1–6]. Composite
action generated between the steel beams and concrete slabs
through the use of shear connectors could increase the load-
bearing capacity and stiffness of the composite beams, whichwould
lead to a significant saving in steel weight and construction cost.

The composite floor plate test presented in this paper investi-
gated how the in-plane or membrane effects of the composite floor
slab reduce the tendency for longitudinal splitting of the concrete
slab along the line of the primary beams, and therefore increase the
load capacity of the structural system. The floor plate test consisted
of a grillage of primary beams, secondary beams, and columns. A
series of tests was conducted. The first test was carried out with
two-point loads applied to each of the internal secondary beams
so that the primary beams were loaded via the secondary beams,
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The dimensions of the composite floor plate were chosen to be
10.6 m long � 4.0 m wide, since these dimensions have the correct

https://doi.org/10.1016/j.eng.2018.11.021
2095-8099/� 2019 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and Higher Education Press Limited Company.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding author.
E-mail address: d.lam1@bradford.ac.uk (D. Lam).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.eng.2018.11.021&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.eng.2018.11.021
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:d.lam1@bradford.ac.uk
https://doi.org/10.1016/j.eng.2018.11.021
http://www.sciencedirect.com/science/journal/20958099
http://www.elsevier.com/locate/eng


aspect ratio and easily fit in our laboratory. The composite floor
plate consisted of nine beams (three primary beams and six sec-
ondary beams) and six columns, as shown in Fig. 1. All the primary
beams (one central primary beam and two edge primary beams)
were IPE270 in S355 steel and spanned 3.6 m between the flanges
of the two columns. The two internal secondary beams were
IPE300, also in S355 steel, and spanned 5.2 m between their con-
nections to the web of the supporting beams. The other four edge
secondary beams were IPE270 in S355 steel with a span of 5.2 m.
The central primary beam (IPE270) was designed to be 10% weaker
than the internal secondary beams (IPE300) so that failure would
occur first in the central primary beam.

2.2. Composite frame setup

The floor beam and column arrangement is shown in Fig. 2. The
columns were 1.0 m high and the two central columns were
designed to be 200 mm shorter than the other four corner columns,
so that load cells could be placed underneath them to monitor the
loads transferred to the central columns. The two central columns
were tied to prevent outward movement, since it is possible that a
small moment might be generated in the columns through the con-
nections. An endplate with the dimensions 180 mm � 220 mm �
10 mm was welded to the web of the internal secondary beams
(IPE300, sections were notched to fit) and bolted to the web of
the primary beams (IPE270) using six No. M20 Grade 8.8 bolts
(the bolt spacing was 70 mm in the vertical direction and
100 mm in the horizontal direction). An endplate with the

dimensions 140 mm � 220 mm � 10 mm was welded to the web
of the secondary edge beams (IPE270) and bolted to the web of
the HEA200 columns using six No. M20 Grade 8.8 bolts (the bolt
spacing was 70 mm in both the horizontal and vertical directions).
An endplate with the dimensions 170 mm � 220 mm � 10 mm
was welded to the web of the primary beams (IPE270) and bolted
to the flange of the HEA200 column using six No. M20 Grade 8.8
bolts (the bolt spacing was 70 mm in the vertical direction and
90 mm in the horizontal direction). Fig. 3 shows details of the
beam-to-beam and beam-to-column connections.

2.3. Details of composite slab and shear connectors

The composite slabs consisted of a 130 mm thick slab with a
0.9 mm thick, 58 mm deep profiled decking (Cofraplus 60 from
ArcelorMittal S.A.). The deck profile had ribs spaced at 207 mm
and allowed the welding of a stud in the middle of the rib. Single
19 mm diameter shear studs (100 mm nominal height) were used,
and the spacing of the studs was chosen to be 200 mm for the pri-
mary internal beams and 207 mm for all the secondary beams.
Since the profiled decking was discontinued at the primary beam,
the shear connectors were welded directly to the primary beams
while through deck welding was used for the secondary beams.
The shear connector details are shown in Figs. 4 and 5.

The reinforcement adopted for the specimen was A142 mesh, as
shown in Fig. 6, which was equivalent to the 0.2% minimum rein-
forcement in the concrete topping according to Eurocode 4. It was

Fig. 1. Beam arrangement and floor plate dimensions. The blue spots represent the
point load applied to the internal beam (test 1) and the external beam (test 2). The
load cells were placed under the central columns.

Fig. 2. Layout of the beams and columns in the floor plate test.

Fig. 3. Details of beam-to-beam and beam-to-column joints. (a) Central column
connections; (b) corner column connections; (c) primary edge beam connections;
(d) primary central beam connections.
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positioned 40 mm from the top of the slab, as shown in Fig. 5, so
that it was just below the head of the shear connectors. The
decking was discontinuous at the internal primary beam but
continuous elsewhere. This was done so that the decking did not
act as effective transverse reinforcement. To compare the effects
of having no U-bar, 10 mm U-bars were placed around the shear
connectors only on one edge of the floor plate. Figs. 6(a) and (b)
show the reinforcement mesh in place and the details of the
U-bars. The floor plate was cast unpropped. Fig. 6(c) shows the
whole composite floor plate after casting.

To monitor the concrete strength development, 15 cubes with
the dimensions 100 mm � 100 mm � 100 mm were cast when
casting the floor plate specimen. The average concrete compressive
cube strength measured at the 28th day was 32.7 N�mm�2 and the
average concrete compressive cube strength measured on the test
date was 33.8 N�mm�2, which is consistent with the target
strength of C25/30 concrete. The yield strength and ultimate

strength for the steel sections were measured at 420 and
525 N�mm�2, respectively. Fig. 7 shows the stress–strain relation-
ship of the steel material from the coupon test.

The shear connector resistance was calculated using the equa-
tions from EN 1994-1-1 [7] and was determined to be 61 kN for
the case where the decking was perpendicular to the beam; this
is consistent with the push-out tests carried out by our project
partners. Fig. 8 shows the load versus slip curve from the push-
off test with the same arrangement.

2.4. Instrumentation

To monitor the deformation and strain of the steel beams,
numerous linear variable displacement transducers (LVDTs) and
strain gauges were installed. Fig. 9 shows the positions of the
LVDTs. Of these, LVDTs 1–9 measured the vertical displacement
in the beams at mid-span and LVDTs 10–13 measured the relative
slip between the concrete slab and the internal secondary beams
when loading the internal secondary beams in the first test. When
the actuators moved to load the edge secondary beams, LVDTs 10–
13 measured the relative slip between the concrete slab and the
secondary edge beams. LVDTs 15–16 monitored the horizontal
deformation of the central column. Fig. 10 shows the strain gauge
positions through which typical strains on the beams were
recorded.

3. Test results

3.1. Loading on primary beam through internal secondary beams

The loading of the primary beam occurred through the point
loads on the internal secondary beams, as shown in Fig. 11. The
load positions on the secondary beams were placed 1.4 m apart

Fig. 4. Steel decking and shear connector arrangement.

Fig. 5. Details for shear connectors at (a) the central primary beam and (b) the edge primary beam. Unit: mm.

Fig. 6. Composite floor plate specimen before and after concrete casting. (a) Reinforcement mesh for the specimen; (b) the dimension of the U-bars arranged at the edge
(unit: mm); (b) composite floor plate after casting.
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and were placed at a distance of 1.92 m to the web of the support-
ing primary beams, which is equivalent to 37% of the span; this
was done in order to obtain the required moment and shear distri-
bution. For the secondary beams, there were nine shear connectors

from the support (primary beam) to the loading point. For the pri-
mary beams, there were eight shear connectors from the column
face to the beam mid-span (where the internal secondary beam
joined the primary beam).

Fig. 8. Load vs. slip curve of the push-off test.

Fig. 9. Three dimensional (3D) view of the deflection-monitoring positions (LVDTs 1–16).

Fig. 10. 3D view of the strain-monitoring positions (S1–S10) on the steel beams: all monitoring sections are at the beam mid-span and in the axis direction.

Fig. 7. Stress–strain curve of the steel material.
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In total, five loading cycles were conducted. The loading by the
actuators was converted to an equivalent uniform loading by
dividing the load by 9.93 m2 (5.24 m � 1.895 m). During the first
four cycles of the test, the load was increased up to 20 kN�m�2 (cor-
responding to a point load of 99.3 kN). Next, in the fifth cycle, the
load was increased to the eventual failure load of 46 kN�m�2, which
corresponds to a point load of 228.4 kN. Typical deflections and
strains of the beams and columns were recorded during the tests.

Table 1 summarizes the maximum deflections and slips that
correspond to the maximum load for each loading cycle and the
residual deformation after unloading. Up to the test load of 20
kN�m�2, the maximum vertical deflection at the mid-span of the
edge secondary beam (LVDT 8) was 2.17 mm; this was about 18%
of the maximum vertical deflection at the mid-span of the internal
secondary beam (LVDT 2), which was 11.90 mm. The maximum
deflections at the mid-span of the central and edge primary beams
(LVDT 3 and LVDT 1) were 5.03 and 2.45 mm, respectively. All
residual deflections after unloading were very small—less than
2 mm. At the failure load of 46 kN�m�2, which corresponded to
the total equivalent uniform failure load of 49 kN�m�2 including
the self-weight of the slab (3 kN�m�2), the maximum deflection
at the internal secondary beam (LVDT 2) was 68.30 mm. The max-
imum deflections for the central and edge primary beams (LVDT 3
and LVDT 1) were 22.30 and 7.14 mm, respectively. The average
value of the deflection of the primary beams was 14.7 mm at the
failure load, so the net deflection of the internal secondary beam
at the failure load was equal to 54 mm (span/96). Fig. 12 shows
the deformed shape of the secondary beams.

The measured deflection of the adjacent edge beams (LVDT 8)
was 7.17 mm, which was approximately 13% of the net deflection
of the internal secondary beam. The relative slips between the
internal secondary beam and the concrete slab are summarized
in Table 1. It can be seen that the slip is less than 6 mm (by LVDT
10). After all the tests were finished, no shear stud had fractured;
therefore, the slip of LVDT 10 was mainly due to the cracking of
the concrete slab. The horizontal deflection of the central column
(by LVDT 15) was less than 1.0 mm at the failure load of 46 kN�m�2.
This means that the moment applied to the column by the central
primary beam to the column connection was small. Fig. 13 shows
the load-versus-displacement curves.

Table 2 summarizes the maximum strains at the maximum load
of each loading cycle and the residual strains after unloading.
Fig. 14 shows typical stress–strain developments at the mid-span
of the internal secondary beams and central primary beam; it
can be seen that the strain of the secondary beam was small up
to a load of 20 kN�m�2. At the failure load of 46 kN�m�2, no strain
value exceeded 2000 le in the secondary beams. The strain in the
central primary beam indicated that the top flange nearly reached
a compressive strain of 2000 le at a load of approximately 45.5
kN�m�2. The bottom flange reached a tensile strain of 2000 le at
a load of 27 kN�m�2. As the horizontal movement of the lower part
of the central columns was small, the strain in the linking channel
beam was also very small. As shown in Table 2, the strain at the
mid-span of the edge secondary beams was small; even at the fail-
ure load, no strain value reached 2000 le. The strain in the top sur-
face of the concrete slab was also small due to the occurrence of
cracks next to the strain gauges. Fig. 15 shows the cracks that
developed in the slab top surface along the central primary beam.

Fig. 11. Loads applied to the internal secondary beam.

Table 1
Summary of deflection or slip at the maximum load for loading internal beams (unit: mm).

Monitoring position Cycle 1
(6 kN�m�2)

Cycle 2
(10 kN�m�2)

Cycle 3
(15 kN�m�2)

Cycle 4
(20 kN�m�2)

Cycle 5
(46 kN�m�2)

Max Resi. Max Resi. Max Resi. Max Resi. Max Resi.

LVDT 1 0.60 0.02 1.04 0.01 1.66 0.12 2.45 0.20 7.14 0.58
LVDT 2 2.40 0.10 4.31 0.34 7.42 0.94 11.90 1.94 68.30 29.90
LVDT 3 1.10 0.05 1.93 0.12 3.34 0.40 5.03 0.67 22.30 8.95
LVDT 4 2.10 0.04 3.90 0.28 6.78 0.91 10.90 1.88 51.40 17.40
LVDT 5 0.50 0.01 0.82 0.03 1.38 0.14 2.13 0.28 6.50 0.74
LVDT 6 0.60 0.02 0.93 0.08 1.37 0.17 2.02 0.31 — —
LVDT 8 0.50 0.04 0.82 0.11 1.28 0.23 2.17 0.50 7.17 1.34
LVDT 9 0.60 0.03 1.03 0.06 1.63 0.14 2.34 0.22 4.96 0.68
LVDT 10 0.08 0.06 0.12 0.07 0.20 0.10 0.39 0.18 5.50 4.90
LVDT 11 0.04 0.04 0.12 0.12 0.23 0.16 0.31 0.20 — —
LVDT 12 0.05 0.01 0.09 0.01 0.14 0.01 0.22 0.02 1.11 0.76
LVDT 13 0.04 0.02 0.06 0.03 0.12 0.05 0.22 0.09 0.07 0.12
LVDT 15 0.12 0.05 0.12 0.06 0.21 0.07 0.14 0.14 0.98 0.82
LVDT 16 0.07 0.10 0.14 0.01 0.10 0.07 0.07 0.09 0.30 0.15

In the table, ‘‘Max” refers to the maximum deflections and slips, ‘‘Resi.” refers to the residual deformation after unloading, and ‘‘—” indicates no LVDT installed.

Fig. 12. Deflection of internal secondary beams at maximum load.
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Fig. 13. Typical load-vertical displacement at beam mid-span: (a) LVDT 1; (b) LVDT 2; (c) LVDT 3; (d) LVDT 4; (e) LVDT 5; (f) LVDT 6; (g) LVDT 8; (h) LVDT 9; (i) LVDT 10;
(j) LVDT 15.

Table 2
Summary of typical strains at the maximum load for loading internal beams (unit: le).

Monitoring
position

Cycle 1
(6 kN�m�2)

Cycle 2
(10 kN�m�2)

Cycle 3
(15 kN�m�2)

Cycle 4
(20 kN�m�2)

Cycle 5
(46 kN�m�2)

Max Resi. Max Resi. Max Resi. Max Resi. Max Resi.

S1 S1-1 / / / / / / / / –1 256 –458
S1-3 / / / / 301 27 431 51 1 918 836
S1-4 / / 258 21 416 42 629 88 1 578 –157

S2 S2-5 / / / / / / / / –961 –358
S2-7 / / / / 288 19 406 34 1 325 336
S2-8 / / 242 / 394 36 582 66 1 837 –89

S3 S3-9 / / / / / / �256 �84 –1 008 –152
S3-10 / / / / 301 35 445 60 1 352 289

S4 S4-11 / / / / / / �212 �116 –2 331 –1 513
S4-12 253 506 444 / 713 32 1 043 46 > 10 000 Failed

S5 S5-13 / / / / / / / / –718 –24
S5-14 / / / / 259 26 374 43 1 231 258

S7 S7-18 / / / / / / / / 396 96
S8 S8-20 / / / / / / / / 367 88

In the table, ‘‘Max” refers to the maximum strains, ‘‘Resi.” refers to the residual strains after unloading, and ‘‘ / ” indicates a small value with a maximum strain less than
200 le or a residual strain less than 20 le. All the maximum strains recorded at stain gauge positions S1-2, S2-6, S6-15, S6-16, S7-17, and S8-19 were less than 200 le and are
therefore not shown in the table.
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The crack width along the central primary beam was measured
manually using a crack microscope and was recorded in loading
cycle 5: A crack width of 0.5–0.8 mm developed at 10 kN�m�2,
and 1.2–1.6 mm wide cracks occurred at 20 kN�m�2. The crack
widths increased to 1.5–2.0 mm at 30 kN�m�2 and to 1.7–3.7 mm
at 40 kN�m�2. At the failure load of 46 kN�m�2, the crack widths
were 2.7–4.7 mm.

Based on the deflections recorded in the secondary and primary
beams, it can be seen that the load applied to the internal sec-
ondary beams was mainly transmitted to the primary beams, and
only a small proportion of the load was transmitted to the sec-
ondary edge beams through the concrete slab due to the flexure
of the floor slab. A calculation of the bending resistance of the
internal secondary beam according to Eurocode 4, assuming a
shear connector resistance of 61 kN per stud, determined that
the equivalent uniform load was 38 kN�m�2 plus the self-weight
of the slab and load frame (3.3 kN�m�2). This is equivalent to 82%
of the actual test load of 46 kN�m�2, plus the self-weight of the slab
and load frame (3.3 kN�m�2). Therefore, it appears that about 80%

of the applied load was transmitted to the primary beams through
the internal secondary beams. The remaining load was transferred
via the edge beams to the columns due to flexure of the floor slab
through the edge secondary beams. The connections to the primary
beams did not transmit any moment.

3.2. Tests on edge beams with and without the U-bars

The loading on each of the edge secondary beams was applied
directly to the beam by two point loads, as shown in Fig. 16. To cal-
culate the loaded area acting on the edge beam, the loaded width
of the slab was calculated based on half of the spacing between
the center line of the secondary beams (=1.89 m/2) plus the slab
edge distance of 0.1 m. The load applied by the actuator was con-
verted to an equivalent uniform loading by dividing the load by
5.5 m2 (given the loaded area of 5.24 m � 1.05 m = 5.5 m2). In total,
three loading cycles were performed on each edge beam. The first
two cycles of loading were applied up to 40 kN�m�2. The load in the
third cycle was then increased to the eventual failure load of 60
kN�m�2. Typical deflections and strains of the beams and column
were recorded. The displacement transducer and typical strain
gauge positions are shown in Figs. 9 and 10. Table 3 summarizes
the maximum deflections and slips at the maximum load of each
cycle and the residual deformation after unloading. Tables 4 and
5 summarize the typical maximum strains that occurred at the
maximum load of each cycle and the residual strains after unload-
ing. Fig. 17 presents typical load–deflection relationships at typical
monitoring positions. Fig. 18 shows typical strain observations.

According to the test observations, given the typical displace-
ments summarized in Table 3 and shown in Fig. 17, it is apparent
that the loaded secondary edge beam behavior was still essentially
elastic up to an equivalent uniform loading of 30 kN�m�2. The fail-
ure load occurred at an equivalent uniform loading of 60 kN�m�2

for the edge beam without U-bars and 63 kN�m�2 for the edge

Fig. 14. Typical stress–strain curves of the steel beam for the strain-monitoring positions of (a) S1-1/S4-11 and (b) S1-4/S4-12.

Fig. 15. Cracks at the top surface of the slab along the central primary beam.

Fig. 16. Edge beam tests (a) with and (b) without U-bars.
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beam with U-bars; the latter is about 5% higher than that of the
beam without U-bars. It is apparent that the composite beam with
U-bars is slightly stiffer than the composite beam without U-bars
(comparing a deflection of 23.20 mm (LVDT 8, without U-bars)
and 20.00 mm (LVDT 6, with U-bars) at an equivalent loading of
40 kN�m�2). This is probably due to a lower level of cracking that
was observed in this case, which reduced the longitudinal slip. In
addition, the residual deflection on unloading from 40 kN�m�2

was 2.81 mm for the beam with U-bars (LVDT 6) in comparison
with 3.88 mm (LVDT 8) for the beam without U-bars. According
to the test observation, for the edge beam without U-bars, the
maximum mid-span deflection of the loaded secondary edge beam
was 69.30 mm (LVDT 8) with a residual deflection of 29.70 mm on
unloading. The mid-span deflections of the internal secondary
beams were small, at 5.56 mm (LVDT 2) and 5.18 mm (LVDT 4),
respectively, which is about 8% of the loaded edge beam deflection.

It is estimated that about 10% of the applied load acting on the
loaded edge beams was transferred to the internal secondary
beams via the transverse stiffness of the concrete slab. From
Table 3, it can be seen that the slip between the slab and the
secondary edge beam was less than 1 mm (LVDTs 10–13), even
at the failure loads. The deflections at the mid-span of the central
primary beam (LVDT 3) were 2.31 mm and 1.92 mm at the failure
loads for beams with and without U-bars, respectively. The maxi-
mum mid-span deflection of the edge primary beam was less than
1.1 mm (LVDTs 1 and 5).

From Fig. 18 and Tables 4 and 5, it can be seen that the tensile
strain in the beam lower flange and web were over 2000 le (S7-18,
S7-28, and S8-20) for the edge beam without U-bars when the
loading were applied up to 60 kN�m�2. In addition, for the edge
beam with U-bars, the strain at the beam mid-span exceeded
2000 le (S9-35, S9-36, and S10-32) before the load reached the

Table 3
Summary of deflection or slip at the maximum load for loading edge beams (unit: mm).

Monitoring position Test on edge beam without U-bars Test on edge beams with U-bars

Cycle 1
(30 kN�m�2)

Cycle 2
(40 kN�m�2)

Cycle 3
(60 kN�m�2)

Cycle 1
(20 kN�m�2)

Cycle 2
(40 kN�m�2)

Cycle 3
(63 kN�m�2)

Max Resi. Max Resi. Max Resi. Max Resi. Max Resi. Max Resi.

LVDT 1 0.25 0.09 0.35 0.01 0.57 0.11 0.34 0.03 0.59 0.06 1.06 0.38
LVDT 2 1.97 0.55 2.88 0.01 5.56 0.26 1.20 0.09 2.67 0.27 5.77 0.95
LVDT 3 0.53 0.26 0.83 0.01 1.92 0.03 0.43 0.07 1.13 0.09 2.31 0.32
LVDT 4 1.81 0.57 2.55 0.01 5.18 0.07 1.30 0.04 2.80 0.01 5.18 0.24
LVDT 5 0.17 0.09 0.27 0.01 0.72 0.10 0.20 0.03 0.47 0.07 0.80 0.19
LVDT 6 0.57 0.01 0.74 0.03 0.97 0.22 7.38 0.50 20.00 2.81 74.20 36.90
LVDT 7 — — — — — — 7.24 0.70 19.20 2.94 50.30 17.90
LVDT 8 14.40 1.92 23.20 3.88 69.30 29.70 — — — — — —
LVDT 9 12.50 1.84 20.60 3.70 48.70 16.00 — — — — — —
LVDT 10 0.09 0.03 0.16 0.04 0.16 0.03 0.06 0.01 0.15 0.07 0.61 0.30
LVDT 11 0.10 0.04 0.01 0.04 0.92 0.19 0.09 0 0.04 — — —
LVDT 12 0.11 0.02 0.21 0.02 0.80 0.22 0.09 0.01 0.35 0.04 0.46 0.05
LVDT 13 0.11 0.03 0.02 0.04 0.29 0.16 0.09 0.01 0.16 0.01 0.11 0.02

In the table, ‘‘Max” refers to the maximum deflections and slips, ‘‘Resi.” refers to the residual deformation after unloading, and ‘‘—” indicates no LVDT installed.

Table 4
Summary of typical strains at the maximum load for loading edge beams without U-bars (unit: le).

Monitoring position Cycle 1 (30 kN�m�2) Cycle 2 (40 kN�m�2) Cycle 3 (60 kN�m�2)

Max Resi. Max Resi. Max Resi.

S7 S7-17 –242 –57 –514 –130 –1525 –377
S7-27 31 / –73 –58 –261 90
S7-28 559 50 802 102 3198 1949
S7-18 872 89 1302 184 2286 243

S8 S8-19 –127 –31 –325 –81 –885 –188
S8-25 91 / 21 –39 –127 /
S8-26 558 51 781 89 1719 544
S8-20 790 76 1165 142 2122 307

In the table, ‘‘Max” refers to the maximum strains, ‘‘Resi.” refers to the residual strains after unloading, and ‘‘ / ” indicates a small value or a maximum strain less than 50 le
and a residual strain less than 30 le.

Table 5
Summary of typical strains at the maximum load for loading edge beams with U-bars (unit: le).

Monitoring position Cycle 1 (20 kN�m�2) Cycle 2 (40 kN�m�2) Cycle 3 (63 kN�m�2)

Max Resi. Max Resi. Max Resi.

S9 S9-33 –98 / –437 –102 –1522 –373
S9-34 69 / 17 –29 –150 125
S9-35 343 / 779 86 2537 1358
S9-36 477 / 1159 144 7809 5816

S10 S10-29 –63 / –313 –74 –968 –237
S10-30 67 / 40 –47 –24 38
S10-31 343 / 753 83 1810 642
S10-32 455 / 1056 109 2287 516

In the table, ‘‘Max” refers to the maximum strains, ‘‘Resi.” refers to the residual strains after unloading, and ‘‘ / ” indicates a small value or a maximum strain less than 50 le
and a residual strain less than 30 le.
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failure load. The strain distribution clearly indicates that the neu-
tral axis of the composite beam was in the web above the central
line when the load increased to 40 kN�m�2.

Fig. 19 clearly shows the cracking pattern due to the longitudi-
nal shear failure for the edge beam without U-bars and the edge
beam with U-bars at failure. For the secondary edge beam with

Fig. 17. Graphs for load–deflection relationships at beam mid-span. Tests on edge beams (a–d) without and (e–h) with the U-bars.

Fig. 18. Typical stress–strain graphs for (a) S7-17/S9-33 and (b) S7-18/S9-36 for loading through the edge beam.

Fig. 19. (a) Crack at the edge of the slab without U-bars at failure, and (b) deflection of the edge beam with U-bars.
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U-bars, the shear connector resistance was assumed to be fully
developed and was taken as 61 kN per stud. Given the effective
width of the compression flange of the edge beam of beff = 100 +
5240/8 = 755 mm, concrete cylinder strength of 27 N�mm�2, steel
yield strength of 420 N�mm�2, stud central spacing of 207 mm,
and nine shear connectors between the support and the point load
position, a calculation of the bending resistance of the secondary
edge beam according to Eurocode 4 showed that the applied load
of 314 kN corresponded to an equivalent uniform load of 57
kN�m�2. This is about 91% of the actual test load of 63 kN�m�2.
For the edge beam without U-bars, the shear connector resistance
reduction factor was calculated by kt,edge = 0.5[1 + e/(8/)]. By set-
ting e = 100 mm and / = 19 mm, and then kt,edge = 0.83, the shear
connector resistance was determined to be 61 kN � 0.83 = 50.6
kN per stud. The calculated bending resistance of the secondary
edge beam without U-bars according to Eurocode 4 was 298 kN,
which corresponded with the equivalent uniform load of 54
kN�m�2; this was about 91% of the actual test load of 60 kN�m�2.
Both the calculation and test results showed that about 5% reduc-
tion of moment resistance due to the omission of the U-bars.

3.3. Tests on column removal

A pseudo-robustness test was performed by removing the sup-
port under a central edge column, which had been detailed to be
200 mm shorter than the others in order to install the load cell.
Therefore, the deflection of the column could be measured upon
removal of the support while being subjected to additional loads
from the beams. For practical reasons, the edge beams were loaded
rather than the column itself, although this would cause the same
effect of adding to the deflection of the columns and further
deforming the edge beams, which were severely damaged by the
previous tests. Fig. 20 shows the displacement transducers’ posi-
tion. LVDTs 8 and 9 measured the vertical displacement of the edge
beam at mid-span, LVDTs 15 and 16 measured the horizontal dis-
placements of the column, and LVDTs 17–20 monitored the col-
umn’s vertical displacement.

The measured deflection of the central edge column upon
removal of its support was 36 mm when subjected to a load of 3
kN�m�2, due to the self-weight of the slab and beams (as shown
in Fig. 20, where no load was imposed from the actuator). The

Fig. 20. 3D view of the deflection measurement positions.

Fig. 21. Measured displacements: (a) LVDT 17; (b) LVDT 18; (c) LVDT 19; (d) LVDT 20; (e) LVDT 8; (f) LVDT 9; (g) LVDT 15; (h) LVDT 16.
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equivalent load acting on the missing column was 33 kN due to the
self-weight. The deflection corresponded to an inclination of 1 in
145 for the edge beam, which was small.

The load was applied at the mid-span of the edge beams and
was presented as an equivalent uniform loading acting on the floor
slab. The point load acting on each beam was divided by an area of
5.5 m2 in order to obtain the equivalent uniform loading, as shown
in Fig. 21.

The maximum displacement of 190 mm was reached for an
equivalent uniform loading of 13.8 kN�m�2 in addition to the
self-weight (Fig. 21, LVDTs 17–20), which corresponded to a point
load of 75 kN per actuator acting on each beam. This also corre-
sponded to a notional load of 75 kN acting on the central edge col-
umn with its missing support. The maximum displacement
corresponded to an inclination of 1 in 27 or about 2 degrees for
the edge beam. The vertical displacement at the mid-span of the
edge beams was about 100 mm (LVDTs 8 and 9). No significant
horizontal sway was observed from the missing column, as
recorded by LVDTs 15 and 16. It is apparent that the maximum
load capacity of the floor system had not been reached at the max-
imum displacement of 190 mm, and a further increase of 20% to
30% in loading might have been possible. This would correspond
to a missing column load of 133 kN. The deflected shape of the
floor plate at the end of the test is shown in Fig. 22.

The maximum strain recorded in the flanges of the edge beams
at the mid-span was around 1000 le, and that at the monitoring
sections close to the column was about 1800 le. The strains
in the primary beam were small. This indicates a tensile
stress of 39 N�mm�2 in the cross-section and a tension force of
179 kN. The total applied load on the missing column was
33 kN + 75 kN = 108 kN. For an edge beam with inclination
of 1 in 27, this indicates a catenary force in the edge beams of
1458 kN. Thus, the catenary action in the test was about 12% of
the maximum value, with the remaining resistance being provided
by the membrane forces in the slab.

4. Conclusions

According to the test observations and results, the following
conclusions can be made from the floor plate tests:

� From the internal beam tests, it was estimated that the inter-
nal secondary and primary beams resisted 80% of the applied
floor load, while 20% of the applied load was transferred by
the secondary edge beams due to the transverse stiffness of
the slabs.

� The central primary beam was found to be stronger than the
plastic bending resistance despite having slightly less
transverse reinforcement than required by Eurocode 4. The
failure load was 14% higher than that calculated using a shear
connector resistance of 61 kN. The internal secondary beams
failed at an equivalent uniform loading of 49 kN�m�2

(including the self-weight of the slab), which when reduced
by 20% as noted above, gave a moment of 95% of the plastic
bending resistance calculated using the Eurocode 4 method.

� From the edge beam tests, the edge beam with U-bars around
the shear connectors failed at an equivalent uniform loading
of 66 kN�m�2 (including the self-weight of the slab), and the
beam without U-bars failed at an equivalent uniform loading
of 63 kN�m�2 (5% less). Considering a 10% transfer of load
from the edge secondary beam to the internal secondary
beam, the edge secondary beams failed at a moment that
was very close to the calculated plastic bending resistance.

� In terms of deflections, it was apparent from the tests on the
internal secondary beams that the effects of slip on deflec-
tions were less than calculated for a load level up to 10

kN�m�2. This is due to the continuity effects of the mesh rein-
forcement in the slab. The measured deflection of the primary
beam was higher than calculated for a load level of 20
kN�m�2, which shows that the effect of stiffness of the con-
nections to the columns was relatively small.

� For the edge beams that were subject to an equivalent uni-
form loading of 20 kN�m�2, the measured deflections were
7.4 mm with U-bars and 8 mm without U-bars, compared
with a theoretical deflection of 6.2 mm including the effects
of slip. This shows that for edge beams, the effects of slip
are greater for higher load levels. The comparisons were very
close for lower load levels. The effect of the lack of U-bars was
relatively small.

� It is concluded that the floor structure can resist an equivalent
load of 108 kN with the missing column scenario, which
when divided by the supported floor area of 10.5 m2, corre-
sponds to a floor loading of about 10 kN�m�2, including the
slab self-weight. This finding demonstrates the robustness
of composite floors after the removal of a column.
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