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Slim floor systems represent an economical and competitive solution for building applications that
combine the advantages of concrete floors, prefabricated steel sections and a shallow depth. The
distinctive feature of this form of construction relies on the fact that the lower steel flange is wider than
the top flange to provide a continuous support along the beam length for the slab formwork. The latter is
usually specified in the form of either profiled sheeting or cellular slabs. In this structural typology, the
steel section is embedded within the thickness of the slab.

This paper presents an experimental study aimed at evaluating the service behaviour of slim floor beams
induced by the time-dependent behaviour of the concrete and at establishing the possible influence of
creep effects on their ultimate response. For this purpose, two slim floor samples were prepared in a
simply-supported configuration. Their long-term deflections and deformations were monitored over time
for about ten months, after which the specimens were tested to failure. The specimens possessed identical
concrete and steel geometries. The shear connection was provided by transverse steel reinforcing bars
installed within regularly spaced holes incorporated in the steel web. The samples were cast unpropped
so that the self-weight of the wet concrete was carried by the steel member. The only difference between
the two specimens consisted in the loading history specified over time. In particular, one slim floor
sample was kept unloaded for the entire duration of the test to monitor the influence of shrinkage effects
while the second specimen was subjected to a sustained load to evaluate the effects of both creep and
shrinkage. The experimental data reported in this study provides insight into their long-term and ultimate
response, and valuable benchmarking data for the calibration of numerical models and design procedures

related to the serviceability and ultimate limit states of slim floor systems.
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1. INTRODUCTION

Composite steel-concrete beams and slabs are widely used throughout the world for building
applications. Among composite solutions, slim floor beams have been popular and adopted in steel
framed structures, particularly in Europe [1-3]. With this structural typology, the steel section is
embedded within the thickness of the slab and the lower flange of the steel joist is specified wider than
the top flange to provide a continuous support along the beam length for the floor formwork that could
consist of either profiled sheeting or cellular slabs. The use of slim floors can lead to shallow floor
thicknesses and can enhance construction speed. Applications in Europe have shown that the use of slim
floor beams is commercially competitive for spans in the range between 5 m and 9 m. For example, this
form of construction has been adopted in Scandinavian countries in combination with prefabricated
hollow core slabs, while in other European countries this solution has been usually applied with in-situ
concrete pours. Over the last decades, proprietary steel beam solutions have been developed and are
available on the market to support this floor typology. Initial work on slim floor solutions was carried
out in the 90’s, e.g. [4-11], and this supported the wide-spread use of this form of construction. Over the
last decades, the number of studies investigating slim floor systems has been increasing, with particular
focus devoted at the development of shear connection typologies for efficient construction, for example,
by varying the profile of the beam, the web opening for possible dowel actions and the reinforcement
arrangement, e.g. [2, 11-23]. As occurred for other composite floor typologies [24], most of the research
carried to date on slim floors has focused at its ultimate response and, despite the wide adoption of this
solution, there are no specific European guidelines for this type of building floor [25]. To the knowledge
of the authors, no experimental work has been carried out to investigate the time-dependent response of
slim floor beams. This limited attention devoted to time effects is not specific to slim floor systems but
is representative of a historical trend observed for research carried out over the years on composite

structure that mainly focussed on its ultimate response to characterise the shear connection behaviour



and how this could influence the member resistance, e.g. [24]. The limited research that focused on
service performance of slim floor beams aimed at the characterisation of the effective width and at the
calculation of the flexural rigidities to be used for deflection limit state, e.g. [26]. In this case, the
proposed procedure was validated against test results performed on simply-supported samples subjected

to short-term loading.

In this context, this paper intends to provide new experimental data related for the long-term and ultimate
behaviour of slim floor beams in which the shear connection is provided by the installation of transverse
reinforcing bars through holes placed in the steel web. In this study, two companion slim floor samples
were prepared with identical concrete and steel geometries. The samples were cast unpropped and they
varied for the specified loading history, i.e. one specimen was maintained unloaded to monitor the time-
dependent influence of shrinkage and one sample was subjected to a sustained load to evaluate its creep
and shrinkage effects. At the completion of the long-term study, the specimens were tested to failure to
evaluate the possible influence of creep produced by the sustained load on the ultimate response. Despite
the reported experimental programme includes only two samples, these provide useful data for the

calibration and benchmarking of numerical and design models.

2. PREPARATION OF SPECIMENS

The experimental work presented in this paper describes the long-term and ultimate tests performed on
two slim floor beam samples, referred to as SF1 and SF2 in the following. The composite cross-section
was composed by a HEB200 steel beam (doubly-symmetric steel section with 200 mm % 15 mm flange
and 170 mm x 9 mm web, and 400 mm X 15 mm plate welded to underside of steel flange) and a concrete
T-shaped slab whose flange had a width of 2000 mm and thickness of 120 mm while its web was 300 mm

wide, as illustrated in Figure 1.

The beams were prepared and tested in a simply-supported configuration. The total length of the members

was 6300 mm and the internal span in between roller supports was 6000 mm. The specimens were cast
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under unpropped conditions. This was achieved by supporting the formwork on longitudinal timber joists
that were carried by transverse timber members bolted to the underside of the steel section as shown in
Figure 2. For this purpose, steel bolts were welded to the steel bottom flange at a spacing of about
1000 mm as depicted in Figures 2a and 2b. With this approach, the self-weight of the beam (i.e. steel
joist and wet concrete) was carried by the steel section during casting. Once the concrete hardened, it

was assumed to be unloaded and, therefore, subjected to only shrinkage effects [27].

The steel reinforcement consisted of a square welded mesh (with 8 mm diameter steel bars welded at
200 mm spacings in both directions) placed over the top of the steel beam as shown in Figure 1b.
Transverse steel reinforcing bars of 16 mm diameter were installed at 500 mm spacings through the
40 mm diameter holes prepared in the steel web to contribute to the shear connection between the
concrete and steel components (Figure 1b). A curing compound was applied to the concrete slab after

the pour following typical industry practice.

3. LONG-TERM EXPERIMENTS
3.1 Overview

Specimens SF1 and SF2 were monitored for a period of about 10 months. In particular, the formwork
was removed after a month and the monitoring started soon afterwards. Sample SF1 was maintained
unloaded (i.e. no external load applied to the beam) for the entire duration of the long-term test, while
specimen SF2 was subjected, after 3 months from casting, to an applied service load of 300 kN
(distributed along the member length). In this manner, specimen SF2 was subjected to both creep
(produced by the sustained load) and the time-dependent effects induced by shrinkage, while the response
of sample SF1 was assumed to be influenced by the time-dependent behaviour associated to shrinkage
effects only. In order to gain insight into the shrinkage response that has been shown in the literature to
significantly affect the composite service response [28-30], the loading of sample SF2 was delayed to

provide a three month period over which to compare the long-term measurements of specimens SF1 and
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SF2. A high level of sustained load was selected to gain insight into the long-term response of the shear

connection when approaching the beginning of its nonlinear behaviour measured from push-out tests,
e.g. [31].
3.2 Layout of instrumentation

The beam samples were instrumented with LVDTs and strain gauges to capture the time-dependent
displacements and deformations. In the case of specimen SF2, 5 LVDTs were used to monitor the
deflections, i.e. 3 sensors were placed at mid-span (referred to as TR-1, TR-2 and TR-3) and 2 at the
quarter points (denoted as TR-4 and TR-5) as depicted in Figures 3a and 3b. For sample SF1, only the

mid-span deflection (TR-1) was monitored over time.

The end slips were measured in both specimens at the heights of the steel flanges as shown in Figures 3a

and 3c, and the corresponding LVDTs were referred to as TR-6, TR-7, TR-8 and TR-9.

Deformations were monitored on both samples at 9 locations at mid-span as specified in Figure 3b. In
particular, 4 strain gauges were used to capture the deformations induced in the steel section (referred to
as SG-1, SG-2, SG-3 and SG-4) and the remaining 5 strain gauges were applied to the top and bottom of

the concrete slab (denoted as SG-1bis, SG-5, SG-6, SG-7 and SG-8), as described in Figure 3b.

3.3 Application of sustained load on sample SF2

Specimen SF2 was loaded at 99 days from casting with an external uniformly distributed load. This was
achieved by placing metal cages filled with rocks on transverse spreader beams distributed along the
member span. Different stages of the load application are shown in Figure 4. The external load was kept

on the sample for a period of about 9 months.

3.4 Long-term response

The long-term monitoring of specimens SF1 and SF2 started 41 days from concrete casting, i.e. on 15

May 2017. As a reference for the graphs provided, the casting of the specimens took place on 4 April



2017. The long-term datalogging terminated after about 11 months from concrete casting for sample SF1
(i.e. on 7 March 2018) and after one year for specimen SF2 (i.e. on 4 April 2018). All long-term data

reported in this paper has been plotted against these dates.

The variations of the deflections over time are plotted in Figure 5. In the case of sample SF1, a slight
increase in mid-span deflections was observed during the first 3-4 months from casting due to shrinkage,
as depicted in Figure 5a. At this point in time, a transversal crack developed through the thickness of the
sample that released part of the stresses induced by shrinkage and produced a sudden reduction in the
mid-span deflection, after which no significant variations in deflections were noted till the end of the
long-term test. In the case of specimen SF2, similar deflections to those measured for sample SF1 were
recorded before the application of the sustained load (i.e. applied between 12 and 13 July 2017). The fact
that both samples responded in a similar fashion was a useful experimental verification for the adequacy
of the long-term measurements, especially in the case of time-dependent tests that are governed by
smaller deformations and deflections than experiments carried out to failure. In the broader context of
research carried out for the service response of slim floor systems, the reported measurements are
expected to provide a useful reference for the benchmarking of the long-term response against other long-
term tests and for the calibration of numerical and design models. After the application of the external
load, the deflections were then subjected to both creep and shrinkage effects (Figure 5b). A transverse
crack occurred also in the case of specimen SF2 after 3-4 months when the beam was already subjected
to the external sustained load. In this case, the crack was only noted on one side of the slab (this was

attributed to the fact that SF2 was subjected to the sustained load at this time).

The variations of the slip measurements remained very small for the duration of the long-term tests as
shown in Figure 6. During the unloaded conditions (i.e. entire test for SF1 and first few months for SF2),
shrinkage effects induced shortening in the concrete and, therefore, a relative movement at the member

ends in which the concrete moved inwards (i.e. towards the mid-pan). Upon application of the sustained



load, the end slips observed for sample SF2 changed sign to resist the applied external load. At the end
of the test, the average slips at the two member ends of sample SF1 were 0.5 mm and 0.35 mm, while
those exhibited by specimen SF2 were below -0.2 mm (in the opposite direction of those measured for

SF1 because of the presence of the external load).

The time-dependent variation of the strain gauge readings is presented in Figure 7. In the first 3-4 months
there is a clear shortening of the slab induced by shrinkage, for example, well captured in specimen SF1
by the top concrete strain gauges, i.e. SG-1bis, SG-5 and SG-6 (Figure 7a). The transverse crack
mentioned earlier through the slab cross-section occurred within the length of strain gauge SG-1bis and
compromised the measurement of this sensor afterwards. The strains recorded at the bottom steel flange
(i.e.SG-2, SG-3 and SG-4) remained small, i.e. within 30 pe, while the top face of the slab continued to

shorten for the entire duration of the test.

A similar trend was observed for sample SF2 in the first few months from testing. The application of the
sustained load induced larger flexural deformations. By considering the strain readings recorded through
the cross-section it was possible to determine the time-dependent variation of the location of the neutral
axis from the time of loading, as depicted in Figure 8. The key observation from this figure relied on the
fact that the shear connection, i.e. reinforcing bar through web hole, remained above the neutral axis till
the end of the test and, therefore, the shear connection was located in the compressed part of the section

(even if the compression in the web hole area was relatively small due to its vicinity to the neutral axis).

The variations of the ambient temperature and relative humidity recorded in the vicinity of the samples
during the long-term tests is reported in Figure 9. The average values measured during this period were
21.3° C and 49.6% for the temperature and relative humidity, respectively.

4. ULTIMATE EXPERIMENTS

4.1 Overview



At the completion of the long-term tests, samples SF1 and SF2 were tested to failure as described below.
4.2 Loading arrangement and layout of instrumentation

The beam samples were tested in a simply-supported configuration and the load was applied by means
of two central line loads placed perpendicular to the member axis and located at 750 mm on each side

from the mid-span (Figure 10).

The instrumentation layout installed on both samples was similar to the one adopted for the long-term
test of specimen SF2 with the addition of four LVDTs at the member quarter points to monitor the
deflection over the slab flanges (denoted as TR-6, TR-7, TR-8 and TR-9) and of two strain gauges on the
top surface of the slab at mid-span near the slab edges to monitor the possible occurrence of shear-lag

effects at different levels of load (Figure 3).
4.3 Ultimate response

Samples SF1 and SF2 exhibited a similar response during the ultimate tests as shown in Figure 11. The
load cycles included in the testing protocol were required to reset the actuator when it reached the end of
its stroke. After unloading, packing was placed below the actuator and the specimen was reloaded. This
process was repeated two times for sample SF1 and once for specimen SF2. The peak loads resisted by
specimens SF1 and SF2 were 536.4 kN and 562.7 kN, respectively (Figure 11). In this case, creep effects
did not appear to have influenced the composite carrying capacity because the measured peak loads were
within 5% variation from each other and the sample subjected to a sustained load exhibited a greater
resistance. The corresponding material properties measured for the concrete and steel components at the
time of the ultimate tests were: average concrete compressive cylinder strength of 43.6 MPa, yield and
ultimate strengths of the steel section (HEB200) were 438 MPa and 510 MPa, respectively, and yield
and ultimate strengths of the steel plate welded on the underside of the HEB200 section were 455 MPa

and 525 MPa, respectively.



Both samples exhibited good ductility and the tests were terminated once the load-displacement curves
started its softening part at a mid-span deflection of about 380 mm. The failure mode exhibited in both

cases consisted of concrete crushing.

In the initial loading phase, sample SF1 exhibited a response that could be regarded as linear until the
load of 383 kN was reached as highlighted in Figure 11a. At this point, the slip at one end of the member
started to grow significantly (as shown in Figure 12a from the measurements of TR-8 and TR-9) and the
consequent partial interaction decreased the flexural rigidity exhibited in the subsequent loading. A
second reduction in flexural stiffness occurred near a load of 448 kN due to the slip starting to grow at
the other member end (monitored with TR-6 and TR-7 as shown in Figure 12a). Specimen SF2 exhibited
a similar response with an initial linear load-deflection branch (Figure 11b) whose slope was influenced

by the development of slip at the two member ends (Figure 12b).

The deformations undergone by the two specimens were similar and, for this purpose, only those related
to sample SF1 are presented. By considering the strain measurements of the steel section it was possible
to observe that, while the steel remained below its elastic limit, the strain in the top part of the section
highlighted that concrete had reached its crushing condition already at the end of the first load cycle, i.e.
strain greater than 0.003 (noted by considering the readings of SG-1lin Figure 13a, and SG-1bisl in
Figure 13b). By observing the strain distributions across the width of the slab at different levels of load,
as depicted in Figure 14 by points P1, P2, P3 and P4, it can be noted that the cross-section did not remain
plane due to shear-lag effects. This type of response was already reported for slim floor systems in [32]

and widely studied in the literature for composite beams, e.g. [33-35].

Representative observations carried out at the end of the tests are reported in Figure 15. In particular,
Figure 15a highlights the conditions of sample SF1 at the end of the experiment whose end slip is
illustrated in Figure 15b. At the completion of the experiments, the samples were demolished to observe

the deformations induced in the transverse reinforcing steel bars that were installed in the web holes.



Similar patterns were observed in both samples and, for this purpose, the deformed reinforcing bars of
sample SF1 are presented in Figure 15¢ (only the middle part of the bar is shown). Figure 15d highlights
the associated deformations that were noted on the edges of the web holes. As expected, the reinforcing
bars closest to the beam ends were mostly deformed due to the partial interaction exhibited by the shear

connection.

5. CONCLUSIONS

This paper presented new experimental data on the service and ultimate behaviour of slim floor beams.
This form of construction is widely used for building applications. For the purpose of this study, two
specimens were prepared and monitored over time for a period of about 10 months. The samples were
identical in geometry and cast unpropped, and they differed only for the specified loading history. In
particular, one sample was kept unloaded for the entire duration of the test while the second specimen
was subjected to a sustained load after a period of about 3 months. Even if the long-term measurements
started soon after the removal of the formwork, the time-dependent deformations associated with
shrinkage were considered relatively small.

Despite the different loading history, both samples exhibited a similar ultimate response. This highlighted
the fact that, for the adopted geometry and beam layout, creep effects did not influence the ultimate
behaviour. Both samples failed in a ductile fashion by crushing of the concrete component. From strain
measurements recorded across the width of the slab at mid-span it was possible to determine that shear-
lag effects played an important role in the flexural response. The condition of the shear connection was
evaluated at the end of the tests by removing the concrete. The steel reinforcing bars that had been
initially installed through the web holes were deformed locally (at the web location) and these
deformations increased significantly while moving towards the ends of the specimens. The shear

connection deformability was also supported by the deformations of the edge holes. It is envisaged that
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the experimental data reported in this study will be useful for the calibration and validation of numerical

and design models related to the serviceability and ultimate limit states of slim floor systems.
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Figure 1: Cross-sectional geometry of the slim floor samples
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Figure 2: Layout of the formwork arrangement and sample preparation for unpropped construction
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Note: positive displacements represent the situation in which the concrete component moves inwards (towards the mid-span)

relative to the steel component, therefore exposing the end of the steel component.

Figure 6: Long-term experiment: end slip measurements

20



300

(b) sample SF2

Figure 7: Long-term experiment: strain measurements

21

8102/+0/0€

200
. ‘wmﬂmmm
100 Sty i m-Pasarermaon Y
I i ﬁ""
T e e i s ol T Bt P B
‘? 0 = .‘——‘-:-EJ;—-% [ oy RAERRI ciN
= -100 & = & S 5 = e
= ™~ = ~ ~ S PS) ~
é o = o o : o o
B 005 5 & 5 ::
w0
————
-300 :
-400 WW
-500
(a) sample SF1
800 — e - - i
600 —
400
200 —— =
0
= — ——l N — [y N —
& 00 < Eod Ui = =) =
2We = 8§ 8 & g 8
g & o & = o = s
P*e ¢l & =2 & =2 =
P 600 ™ \\\1“1 ® "
-800 e R
-1000
-1400

—— SG-1
— SG-2
SG-3
— SG-4
—— SG-5
— SG-6
— SG-7
— SG-8
—— SG-1bis

—— SG-1
— SG2

SG-3
——— SG-4
——— SG-5
—— SG-6
——— SG-7
—— SG-8
——— SG-1bis



280

240
200
160
=120 =
E 80 /
g s
=) neutral axis
2 40
2
@ 0
£ .40
7]
st
-80
- NN N - = [} — w
U — L] [ T o = [=]
- =] - - =L - - -
a IN) @2 2 N, = @ e
[ne] o hJ [a*] o 2] (%) I
[=] = (=] (=] = [=] o (=]
= ~ = = ~J —_ = =
~J ~J | oo = 2] ]

Figure 8: Time-dependent variation of the neutral axis for sample SF2 after the application of the

sustained load
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Figure 9: Variations of temperature and relative humidity during long-term tests
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Figure 10: Test setup
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Figure 11: Ultimate experiment: deflection measurements
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Note: positive displacements represent the situation in which the concrete component moves away from the mid-span relative

to the steel component, therefore hiding the end of the steel component as shown in Figure 15b.

Figure 12: Ultimate experiment: slip measurements
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Figure 13: Ultimate experiment: strain measurements of sample SF1
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Figure 14: Ultimate experiment: shear-lag behaviour at mid-span of sample SF1 for first load cycle
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(d) deformations in the holes of the steel web after completion of the tests

Figure 15 Representative observations at the completion of the ultimate tests (sample SF1)
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