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Abstract: In this study, the flexural performance of a new composite beam–slab system filled with
concrete material was investigated, where this system was mainly prepared from lightweight cold-
formed steel sections of a beam and a deck slab for carrying heavy floor loads as another concept of a
conventional composite system with a lower cost impact. For this purpose, seven samples of a profile
steel sheet–dry board deck slab (PSSDB/PDS) carried by a steel cold-formed C-purlins beam (CB)
were prepared and named “composite CBPDS specimen”, which were tested under a static bending
load. Specifically, the effects of the profile steel sheet (PSS) direction (parallel or perpendicular
to the span of the specimen) using different C-purlins configurations (double sections connected
face-to-face, double separate sections, and a single section) were investigated. The research discussed
the specimens’ failure modes, flexural behavior, bending capacity, bending strain relationships, and
energy absorption index of specimens. Generally, the CBPDS specimens with the PSS slab placed in
a parallel direction achieved approximately a 13–40% higher bending capacity compared with the
corresponding specimens with a perpendicular PSS direction (depending on the configuration of
the beam). Fabricating the beam of the CBPDS specimen with double C-purlins (face-to-face) led to
more effective concrete confinement behavior compared with the double separate C-purlins beam.
The related specimen recorded a 10% higher bending capacity. Finally, the suggested composite
CBPDS system exhibited a sufficient energy absorption capability of the static bending load because
it demonstrated high strength and high ductility.

Keywords: composite beam–slab; cold-formed section; concrete-filled steel; flexural strength;
composite behavior; PSSDB slab

1. Introduction

The construction industry continuously attempts to enhance and develop modern
composite structural elements that are more economical, strong, environmentally friendly,
and easily fabricated than conventional elements. Over the last three decades, several
studies have specifically investigated the performance of cold-formed profile steel sheets
(PSS) covered with dry board (DB) sheets in a lightweight composite slab system [1–4],
which is usually known as a PSSDB or PDS slab system. An excellent bond interaction
between parts of the PSS and the DB has been achieved using self-tapping screws, which
have been sufficiently investigated based on several direct push-out tests [5–7].

Recently, several studies have investigated the structural performance of the PSS
slab system [8–11] and wall system [12–14] when filled with concrete materials. Filling
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these structural elements with concrete material leads to preventing and/or delaying the
local buckling that occurs for the PSS part under high compression stress, which in return
leads to improved strength in the composite system. For example, the flexural strength,
ductility, and stiffness of the two-way PSSDB slab system were significantly improved
when filled with lightweight concrete material [8]. In the case of a one-way slab system,
Jaffer et al. (2015 and 2016) investigated the effects of filling the PSSDB with geopolymer
and normal concrete materials [9,11]. However, even after filling with concrete materials,
the PSSDB cross-section is considered to be a slender section (small depth), which is
applicable for limited spanning length due to the high deflection failure scenario. Thus, to
carry high flooring loads and place for relatively longer spans, this concrete-filled PSSDB
deck slab system needs to be connected/combined with steel beam [15], much similar to
the conventional composite steel beam–concrete deck slab system [16,17], as illustrated
in Figure 1. However, the challenge emerges when it is required to provide the shear
studs for connecting the top flange of steel I-beam with this concrete-filled PSSDB deck
slab since it has a slender cross-section. Thus, it could be necessary to use an alternative
method of connection and/or use another type of beam to carry this type of slab (concrete-
filled PSSDB).

Figure 1. Composite steel beam–slab system.

Over the past two decades, researchers are continuously investigating the flexural
performance of a new composite steel–concrete beam system which is usually known
as a concrete-filled steel tube (CFST) beam. This system was suggested as another type
of composite steel beam–concrete system that can achieve several advantages related to
strength, ductility, and cost impact [18–20]. These studies used different analysis meth-
ods (experimental and numerical methods) and under varied loading scenarios (static,
impact, and cyclic) [21–28], as well as the behavior of a combination of multi-cells of CFST
beams [29,30]. In addition, adopting the cold-formed steel tube sections in the CFST beams
system was suggested since it can be easily fabricated with any shape and thickness that is
required for the design requirements [31–35]. Recently, the galvanized C-purlin steel sec-
tions have been adopted in the CFST beam system due to the advantages of the lightweight
and availability in the local market. For example, Al Zand et al. (2022) experimentally
and numerically investigated the flexural performance of using a single C-purlin section
filled with normal and recycled concrete materials [36]. Using double sections of C-purlins
(face-to-face connection) to fabricate the steel tube in the CFST beam system led to an
improvement in the concrete confinement behavior [37,38]. Additionally, some studies
adopted the CFST beam in the composite truss–concrete deck slab system [20,39–41] and
beam–concrete deck slab system [42,43].

The flexural performance of PSSDB slabs and cold-formed CFST beam systems has
been independently investigated, whereas the combination of these two composite mem-
bers to provide a new composite beam–slab system has not yet been investigated. This
is the main research gap in the literature. A novel composite beam–slab system has been
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suggested as an alternative solution to conventional steel beam–concrete deck slab systems,
which could be attributed to various reasons and different purposes (such as the cost
impact, availability of raw materials, ductility, lighter weight of steel parts, and easy/fast
fabrication). Therefore, the main objective of this research was to experimentally investigate
the influence of using a cold-formed steel C-Purlin beam (CB) that was fully connected
to a PSSDB deck slab where both parts were filled with concrete material to develop a
novel composite CFST beam–PSSDB slab system, named the composite CBPDS specimen.
We particularly investigated the effects of using single/double C-sections as the main
girder as well as the parallel/perpendicular direction of the PSS deck slab on the flexu-
ral performance of the suggested CBPDS system. The failure modes, flexural behavior,
bending/carrying capacity, bending strain relationships, and energy absorption index
established from the tests were extensively discussed.

2. Experimental Approach
2.1. Specimens Preparation

Seven (7) composite CBPDS specimens are prepared in this research that are mainly fab-
ricated from cold-formed C-purlins beam (CB) and profile steel sheet-dry board (PSSB/PDS)
deck slab, in which both parts of beam and slab are filled with concrete material. Figure 2
depicts the specimens’ designation ID, which describes the adopted cold-formed beam’s
configuration (double face-to-face connection, double separate, or single C-purlin section)
and the direction of PSS’s ribs (parallel/perpendicular). For all specimens, each C-purlin
section is fabricated with 152 mm depth, 64 mm flange width, 16 mm lips length, and 2 mm
thickness. The PSS section is fabricated with 1000 mm width, 50 mm depth, and 1 mm
thickness, which are named Peva 50 (in the local market), which is covered by a dry board
(DB) cement sheet (type Primaflex) with 1000 mm width and 18 mm thickness. For easy and
fast preparation of the suggested composite CBPDS system, all parts (DB with PSS and PSS
with CB) are connected by self-tapping steel screws. The overall length of these specimens
is equal to 2440 mm, and the effective length are equal is to 2250 mm. Figures 3 and 4
present the details of CBPDS specimens prepared with a PSS deck slab placed parallel to
their beam’s direction, while Figures 5 and 6 present the CBPDS specimens with PSS deck
slab in a perpendicular direction. The details of specimens are listed in Table 1, including
the additional two control specimens of beam CB specimen and slab PDS.

Figure 2. Specimens designation ID.

Table 1. Designations and results of the tested specimens.

Specimens
Designation

C-Purlin
Beam

PSS
Direction

Filling
Concrete

Pu
(kN)

Mu
(kN·m)

Load
Reduction (%)

EA
(kN·mm)

CB Double face-to-face - Fill 99 37.1 - -
PDS - Parallel Fill 27.3 10.2 - -

CBPDS-DF-P Double face-to-face Parallel Fill 137 51.5 - 3619
CBPDS-DH-P Double face-to-face Parallel Hollow 87.5 32.8 −36 881
CBPDS-DSF-P Double separate Parallel Fill 124 46.5 −10 2886
CBPDS-SF-P Single Parallel Fill 85 31.9 −38 1222

CBPDS-DF-R Double face-to-face Perpendicular Fill 120 45 - 2300
CBPDS-DSF-R Double separate Perpendicular Fill 107 40.1 −10 1957
CBPDS-SF-R Single Perpendicular Fill 48.3 18.1 −60 835
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Figure 3. CBPDS specimen with parallel PSS direction (all dimensions in mm).

Figure 4. CBPDS cross-section with parallel PSS direction (all dimensions in mm).
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Figure 5. CBPDS specimen with perpendicular PSS direction (all dimensions in mm).

Figure 6. CBPDS cross-section with perpendicular PSS direction (all dimensions in mm).

Generally, most of the existing research has placed hollow steel tube members ver-
tically to pour the concrete inside; these were then placed horizontally after the concrete
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had set [38,44,45]. This concrete pouring scenario is considered to be a challenge at a
construction site when CFST beams must be prepared. Therefore, in this research, a new
technique was used to cast the concrete inside the C-purlins beam and the PSS slab together
and at the same time, specifically when the CBPDS specimen was placed horizontally
(similar to an actual site condition), as shown in Figure 7. To achieve this, several open-
ings (40 mm × 80 mm × 340 mm c/c) were provided, specifically at the interaction surface
between the top flange of the C-purlins and the bottom flange of the PSS parts. These
openings are easy to cut on-site using an ordinary electrical cutter device due to the small
thickness of these two parts (C-purlins and PSS sections). After the concrete set, the concrete
portions located at these openings were expected to behave as shear connectors to suffi-
ciently connect the slab part with the beam part in the suggested CBPDS composite system.
The PSS slab was also connected to the C-purlins beam using self-tapping screws of 30 mm
length; these were provided at several locations, where the extra length of these screws was
used as an embedded connector to nail the concrete core inside the C-purlins section (see
Figure 4 as an example), similar to the scenario previously confirmed in [36]. The opened
sides of the C-purlins and PSS slab were temporarily closed by pieces of wood/dry board
during the casting time of the concrete; these were removed after 24 h. An electrical vibrator
was used during the concrete casting time to ensure that there were no air voids inside the
casting concrete. After the concrete was initially set, the DB sheets were mechanically fixed
to the PSS slab using the self-tapping screws.

Figure 7. Preparing the CBPDS specimens.

2.2. Material Properties

A galvanized cold-formed steel section (C-purlins) was used to fabricate the composite
beam in this study. A profile steel sheet (PSS) (Peva 50) was chosen for the composite slab
since it has a large rib width and feature, which makes this section sufficient for filling
the section with concrete material [9,11]. The physical properties of these steel sections
(C-purlin and PSS) are obtained from direct tensile tests of three coupons prepared as per
the ASTM-E8/E8M-2009 standard. A cement dry board (DB) (Primaflex) was used in this
composite system. Table 2 resent the properties of these materials.

Table 2. Physical properties of materials.

Materials Dimensions
(mm)

Modulus of Elasticity
(GPa)

Yield Strength
(MPa)

Ultimate Strength
(MPa)

C-purlin 152 × 64 × 2 210 492 536
Profiled Steel Sheeting (Peva 50) 1000 × 1 213 434 464

Dry board (Primaflex) 1000 × 18 8.03 - 22
Self-tapping screw (DS-FH 432) 4.2 × 30 - - -
Self-tapping screw (DS-HW 640) 6.3 × 36 - - -

Infill concrete - 21 - 20.1
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Self-tapping screws were used to connect the parts of the suggested composite CBPDS
system. Two types of screws were used; the DS-FH 432 screw, which was used to connect
the PSS slab to the C-purlin beam, and the DS-HW 640 screw, which was used to connect
the DB sheets to the PSS slab [8–10]. The properties are shown in Table 2.

Normal concrete was used as the infill material for all CBPDS specimens. The concrete
mixture was prepared from 395 kg/m3 Portland cement (the local type in Malaysia),
700 kg/m3 washed sand (fine aggregate with a density of 1570 kg/m3), and 1115 kg/m3

crushed limestone coarse aggregates (density of 1498 kg/m3) with a maximum particle size
of 10 mm. These were mixed with a 0.48 water/cement ratio. A superplasticizer (RF 611
B/N 211705; 1.42 L/m3) was used as an additive material to improve the workability of the
concrete mixture. The concrete samples were cast and cured to evaluate the compressive
strength of the concrete as per the requirements of BS1881-Part116 1983.

2.3. Test Setup

Figure 8 shows the test setup of the investigated CBPDS specimens under two-point
static loads. Three devices of the linear variable differential transformer (LVDT) were
placed underneath the specimens to measure the deflection at different locations (center
and quarter-span of the specimen). Strain gauges (SG) were horizontally distributed at
the mid-span of the specimens to record the longitudinal strains at the surfaces of the
C-purlins, PSS, and DB during the test. These SGs were numbered SG1 at the top surface
of the DB (maximum compression zone), SG2 at the top flange of the PSS, SG3 at the top
flange of the C-purlin (connection level with the PSS deck slab), SG4 at the mid-depth of the
C-purlins section, and SG5 at the bottom flange of the C-purlin (maximum tension zone).
A monotonic static load was gradually applied with an increment rate of approximately
5–8 kN/min, where a load cell was placed between the actuator and the rigid beam to
measure the applied load at each loading rate. A data logger device was used to collect the
measurements from the load cell, LVDTs, and strain gauges; these were then transferred to
a PC to record them.

Figure 8. Schematic test setup of CBPDS specimens (all dimensions in mm).

3. Results and Discussion
3.1. Failure Modes

All tested composite beam–slab specimens in this research are simply supported
members. Thus, at a distance between the two-point loads, these specimens showed typical
bending behavior with compression stress at the top surface of their slabs and tension
stress at the bottom flange of their beams [38]. The specimens’ tests continued beyond their
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bending capacities, including the control slab (specimen PDS) and control beam (specimen
CB), as shown in Figure 9. Due to that, local buckling failure was observed at the top flanges
and webs of PSS elements since they are subjected to high compression stress. Even though
there were no obvious failures, such as cutting/slipping for the screw connectors between
the DB and PSS parts until the end of the test, it confirmed the perfect bond interaction
between these two parts had been achieved. Additionally, it is worth mentioning that the
existence of embossments at the webs and bottom flanges of the Peva 50 sheet (PSS) has
succeeded in generating a partial connection with the infill concrete, and yet, a limited slip
failure between the layers occurred at extreme loading stage, which is unavoidable [9]. The
same steel buckling failure scenario was observed at the top flange of the control beam
(specimen CB), which started to occur when the load reached about 85–90% of the beam’s
bending capacity. Thereafter, the concrete core starts to crush due to the high compression
stress, as clearly seen from the openings located at the top flange (see Figure 9).

Figure 9. Typical bending behavior of control specimens PDS and CB.

Accordingly, for both of the control specimens, PDS and CB, the infill concrete suf-
ficiently prevented the inward local buckling of their steel parts (PSS and C-purlins, re-
spectively), which led to improving their flexural behavior (strength, stiffness, and duc-
tility), much similar to the conventional CFST beams and PSSDB slabs those tested by
others [33,35]. Remarkably, there are two interesting outcomes were recorded for the tested
control beam in this study. First, the double C-purlins that are placed face-to-face on prepar-
ing the tube of specimen CB are connected by using the concrete core alone (without using
additional screws/welding connectors), which was achieved due to the perfect bonding
interaction between the concrete core and lips of these C-purlins [37]. This performance
was continued until the applied load reached about 90% of the specimen’s loading capacity;
after that, the bond between these two pieces started to slowly open, specifically under the
point load and mid-span distance due to the high compression stress. Second, the perma-
nent openings provided at the top flange of specimen CB did not cause major weakness in
the beam’s bending behavior. However, the edges around these openings started to buckle
and twist when the load reached about 90% of the specimen’s loading capacity, as shown
in Figure 9.

The CBPDS specimen with double hollow C-purlins (CBPDS-DH-P) exhibited twisting
failure for the beam’s cross-section at supports, which started at the early loading stage, as
shown in Figure 10. This occurs because the tube is too slender to resist the compression
force that is transferred directly from the support’s reaction [37]. Therefore, the major
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enhancement in the flexural performance (bending behavior, loading capacity, stiffness,
and ductility) was achieved by the same tube’s cross-section when filled with concrete
material (specimen CBPDS-DF-P) since the twisting/inward buckling failures of this tube
were sufficiently prevented. In general, the concrete-filled CBPDS specimens with PSS deck
slab placed parallel to their span’s direction (CBPDS-DF-P, CBPDS-DSF-P, and CBPDS-SF-P)
showed typical flexural performance, although they were prepared with different C-purlin
beams configurations, as presented in Figure 10. These specimens exhibited outward
buckling failure at the top flanges of their beams near the point loads, which started when
the loading test reached about 85–90% of their loading capacity. At the same loading stage,
longitudinal cracks (parallel to specimen direction) at the top surface of DB sheets started
near to supports; also, no crush failure was seen for the DB sheet at the mid-span distance,
which is usually subjected to high compression stress (see Figure 10). Furthermore, due to
the high shear stress located at the shear span distance (point load to support distance),
concrete cracks were started when the loading test reached about 70–75% of the specimens’
loading capacities, which was seen for specimens with single and double separate C-purlins
beams (CBPDS-DSF-P and CBPDS-SF-P), as highlighted in Figure 11. Even though these
cracks were increased gradually with the increases of the testing load, there was no slip
failure seen/recorded between the concrete core and the cold-formed sections, neither that
provided inside the PSS deck slab nor the C-purlins beam.

Figure 10. Bending behavior of the CBPDS specimens with parallel PSS slab.
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Figure 11. Typical concrete cracks failure inside the C-purlins beam.

Generally, the same flexural behavior was exhibited for the concrete-filled CBPDS
specimens with perpendicular PSS direction (CBPDS-DF-R, CBPDS-DSF-R, and CBPDS-
SF-R), as shown in Figure 12. Specifically, the same failure modes of C-purlin’s buckling,
concrete cracks inside the C-purlins, and no slipping failure for the concrete core inside the
C-purlins beams and PSS slab. However, their DB sheets start to crack in the lateral direction
(perpendicular to specimen direction) when the loading stage reaches about 70–75% of
their specimens’ loading capacities, as shown in Figure 12 for specimen CBPDS-DF-R, as
an example. Probably, this DB’s cracks scenario occurred due to the fact that the PSS’s
ribs of these specimens were placed in a perpendicular direction (parallel to the applied
load direction) and, thus, well led to cause some weakness to the PDS slap part. However,
no failures were recorded for the self-tapping screws and concrete connectors of these
specimens with perpendicular PSS direction, which also confirmed the perfect bonding
interaction between their components (CB, PSS, and DB). Lastly, due to the influence of infill
concrete materials, all CBPDS specimens with parallel and perpendicular PSS directions
are deflected almost similar to the half-sine curves, as compared at different loading stages
in Figures 13 and 14, respectively.

Figure 12. Bending behavior of the CBPDS specimens with perpendicular PSS slab.
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Figure 13. Deflection curves of CBPDS specimens with parallel PSS direction.

Figure 14. Deflection curves of CBPDS specimens with perpendicular PSS direction.



Buildings 2023, 13, 432 12 of 19

3.2. Moment vs. Deflection Relationship

The comparisons between moment–deflection relationships of the control beam (speci-
men CB), control slab (specimen PDS), and combined beam–slab specimen CBPDS-DF-P
are presented in Figure 15a. The control slab showed limited elastic behavior at the earlier
loading stage, followed by continuous elastic–plastic behavior until the end of the test,
which behaved very ductile even after passing its ultimate bending capacity that measured
at a deflection limit equal to Le/50 [38,46]. This is due to the influence of infill concrete
material that prevented/delayed the PSS’ buckling failure and also because of the sufficient
interactions between the concrete core, PSS, and DB parts, while the control beam showed
stiffer flexural behavior than the slab at the elastic loading stage until it reached about
60% of its bending capacity and then showed elastic–plastic behavior with a continuously
decreasing in the curve’s slope since the tube started to buckle at the point loads. After that,
the beam’s moment–deflection curve behaved fully plastic until it achieved the ultimate
bending capacity (peak value at the curve), and then, the curve’s slope rapidly dropped due
to the extreme tube’s buckling failure and concrete crushing at the top flange. Generally,
the combined beam–slab specimen CBPDS-DF-P showed stiffer flexural performance than
both of the control specimens (CB and PDS). This improvement was achieved due to the
sufficient interactions between the concrete core and the cold-formed steel sections (no slip
failure) and the perfect connections between the specimen’s components (double C-purlins,
PSS, and DB).

Figure 15. Moment–deflection relationships of CBPDS specimens.

The moment–deflection relationships of the CBPDS specimens with different C-purlins
configurations (double, double separate, and single) and parallel PSS deck slab direction
are presented in Figure 15b. Generally, the flexural performance (stiffness, strength, and
ductility) of the CBPDS specimen with double C-purlins beam was majorly improved due
to the effects of infill concrete material, as compared to the curves of specimens CBPDS-
DH-P and CBPDS-DF-P. Using a double C-purlins beam with face-to-face connection for
the suggested composite system (specimen CBPDS-DF-P) showed slightly better flexural
performance than that with double separate C-purlins (CBPDS-DSF-P); this is due to
the sufficient concrete confinement behavior that achieved by the double C-purlins when
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fabricated as a closed tube cross-section [37]. On the other hand, using single C-purlin beam
filled with concrete (specimen CBPDS-SF-P) achieved almost the same bending strength
as that fabricated with hollow double C-purlins (CBPDS-DH-P) but with much better
ductility behavior since it failed at a higher deflection limit (see Figure 15b). In general,
the same flexural performance was recorded for the CBPDS specimens with perpendicular
PSS direction, as the related moment–deflection relationships presented in Figure 15c.
However, regardless of the C-purlins beam’s configuration, the CBPDS specimen with
parallel PSS deck slab direction showed stiffer flexural performance and achieved higher
bending capacity than the corresponding specimen with perpendicular PSS direction, as
compared in Figure 16. This is due to the influence of PSS’s ribs’ direction when placed
parallel to the specimen’s span, which can sufficiently share the bending strength together
with the beam part. Additionally, when the PSS is in a parallel direction, the concrete core
can, together with the DB and PSS parts, resist the high compression stress that is generated
at the top cross-section (mid-span) of these CBPDS specimens due to the bending load.

Figure 16. Effects of PSS direction (parallel and perpendicular).

3.3. Moment vs. Strain Relationship

The relationships between bending moment versus strain values of the tested speci-
mens are presented in Figure 17, where the strain gauge locations are shown in the earlier
Figure 8. For the control slab (specimen PDS), the strain gauges SG1 and SG2 recorded
compression (−ve) values which gradually increased with the increases of bending moment
since they are fixed at the top surface of DB and top-flange of PSS, respectively, and at the
mid-span of specimen PDS, while the strain gauge SG3 located at the bottom flange of
specimen PDS gradually increased tension (+ve) strain values with the increases in bending
moment, as shown in Figure 17a. Generally, the same performance was recorded for the
control beam (specimen CB), specifically for the strain gauges SG1 and SG3, which are
located at the top and bottom flanges, respectively, whereas the strain gauge SG2 located at
the mid-depth of specimen CB showed a limited continuous increase in the tensile strain
(+ve) value with the increases of bending moment, confirming the upward movement of
the neutral axis (N.A) at the cross-section of this specimen [37], as shown in Figure 17b.
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Figure 17. Moment versus strain relationships.

Furthermore, Figure 17c presents the moment–strain relationships of the CBPDS
specimen with a double-filled C-purlins beam (CBPDS-DF-P). During the test, the strain
gauges SG1 and SG2 of this specimen showed a continuous increase in compression (−ve)
strain values since they are located at the mid-span top flange of the specimen’s slab part.
While the strain gauges, SG4 and SG5 showed an increase in their tensile (+ve) strain
values since they are located at the bottom flange of the specimen’s beam part. In addition,
it is interesting to realize that the strain gauge SG3 which is located at the interaction
level between the beam (CB) and slab (PDS) parts of specimen CBPDS-DF-P recorded
slight compression (−ve) strain values during the loading test, which means the N.A of
the specimen’s cross-section is still located under the beam’s top flange. Then, after the
loading test reached about 90–95% of the specimen’s moment capacity, the SG3 started
to record tensile (+ve) strain values, confirming that the N.A starts to move above the
beam’s top flange (slightly above the beam–slab interaction level). In general, the same
moment–strain relationships have been recorded for the specimen with double separate
C-purlins beam (specimen CBPDS-DSF-P), as shown in Figure 17d. However, the N.A
of this specimen starts to move above the beam–slab interaction level at a slightly lower
loading stage (80–85% of specimen’s capacity); this is attributed to the earlier concrete
cracking that occurs at the double separate C-purlins beam of the CBPDS specimen (low
concrete confinement), which leads in return to lower flexural performance compared to
that occurred when used double face-to-face connection C-purlins beam.

3.4. Carrying Moment Capacity

The ultimate moment capacity (Mu) of the investigated CBPDS specimens was es-
timated from the peak value recorded at the related moment–deflection curves or from
the moment value relevant to the deflection limit equal to Le/50 [38,46], whichever one
was achieved earlier. The Mu values and the corresponding ultimate applied load (Pu)
of the tested specimens are presented in Table 1 and Figure 8. Table 1 also presents the
load reduction percentages between the achieved load values of specimens with different
C-purlins configurations (double separate single; double hollow) and the value of their
control specimen (double face-to-face C-purlins connection) in each group of specimens
with parallel and perpendicular PSS directions. For the CBPDS specimens with parallel
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PSS direction, the specimen with double filled C-purlins beam (face-to-face connection) is
considered a reference sample (CBPDS-DF-P). The moment capacity of this specimen is
equal to 51.5 kN·m, which was reduced to 32.8 kN·m (−36%) when the same specimen
used a double hollow C-purlins beam, and this is due to the absence of influence of the
infill concrete material. On the other hand, the same Mu value of specimen CBPDS-DF-P
was reduced to 46.5 kN·m, which is about −10% when using double separate C-purlins
beam (specimen CBPDS-DSF-P), since these C-sections could not sufficiently confine the
concrete core when they are separate, unlike when they are closed as a tube [37]. Lastly,
using a concrete-filled single C-purlin beam (CBPDS-SF-P) led to reducing the specimen’s
bending capacity by about 38%, compared to the value of specimen CBPDS-DF-P.

In general, the same above scenario was recorded for the CBPDS specimens with per-
pendicular PSS directions, as compared in Figure 18. However, the reduction percentages
are different when compared to the related reference specimen CBPDS-DF-R, and this is due
to the fewer effects was achieved when the PSS’s ribs placed in a perpendicular direction,
which could not well resist the bending stresses compared when placed in parallel direction.

Figure 18. Ultimate moment capacity of CBPDS specimens.

3.5. Energy Absorption (EA) Index

This section discusses the capability of the suggested CBPDS specimens to absorb the
energy under static bending loads. In this research, the energy absorption (EA) index of
these specimens is estimated from the cumulative area under their load–deflection curves
up to the limit of their ultimate loading capacity [37,38], as illustrated in Figure 19. The
EA indices of the tested CBPDS specimens are presented in Table 1 and Figure 20. For
the specimens with parallel PSS direction, it is noticed that the specimen with double
hollow C-purlins (CBPDS-DH-P) achieved an EA value equal to 881 kN·mm, where this
value was majorly increased to 3619 kN·mm (4.1 times) when the same double C-purlins
beam was filled with concrete material (CBPDS-DF-P) since both of the bending strength
and ductility behavior of the specimen was improved accordingly. However, the EA
value of the reference specimen CBPDS-DF-P was reduced to 2886 kN·mm (−20%) when
only separating the double C-purlins beam (specimen CBPDS-DSF-P). Furthermore, using
a single C-purlin beam filled with concrete instead of double sections for the CBPDS
composite specimen (CBPDS-SF-P) led to reducing the EA value to 1222 kN·mm, which
is about 66% less than that achieved when using double-filled C-purlins (CBPDS-DF-P).
However, this value of specimen CBPDS-SF-P is around 1.4 times higher than that of the
specimen with double hollow C-purlins (CBPDS-DH-P) since the infill concrete improved
the specimen’s ductility. Generally, the same energy absorption performance was recorded
for the CBPDS specimen with PSS directions but with different values and percentages of
reduction, as compared in Figure 20.
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Figure 19. Typical load vs. mid-span deflection curves for estimating the EA index.

Figure 20. EA values of CBPDS specimens.

4. Conclusions

This research investigated the flexural performance of a newly suggested composite
CBPDS specimen under a static bending load, and the conclusions are as follows:

• A perfect bond interaction was achieved between the cold-formed beams (CB) and
the PSSDB deck slabs (PDS) by using steel self-tapping screws and concrete shear
connectors. Thus, a sufficient flexural performance was achieved by the suggested
composite beam–slab system (CBPDS specimen).

• Filling the double C-purlins steel beam with concrete material significantly improved
the flexural performance of the composite CBPDS specimen. For example, the bending
capacity of the CBPDS specimen with the double hollow C-purlins beam was increased
by approximately 57% when filled with the concrete materials because inward and
twisting failures of the cold-formed steel tube were prevented.

• Using concrete-filled double C-purlins with a face-to-face connection in the composite
CBPDS specimen showed an almost similar bending behavior to that seen when using
double separate C-purlins but with slightly higher bending capacity (+10%) due to
the better concrete confinement that was achieved when the C-purlins fabricated as
closed tube’s shape. Additionally, the CBPDS specimen with a single C-purlins beam
achieved a lower bending capacity (−32%) than that with double C-purlins.

• Generally, the composite CBPDS specimens fabricated with a PSS deck slab placed in
a perpendicular direction showed a similar flexural performance to the corresponding



Buildings 2023, 13, 432 17 of 19

specimens with parallel PSS direction but with lower bending moment capacities
of about 13–40% (depending on the C-purlins beams configurations). This is due to
the weakness in the PSS deck slab part when its ribs are placed in a perpendicular
direction, which could not resist the bending stresses when subjected to bending load.

• Regardless of the C-purlins beam’s configuration, the composite CBPDS specimens
filled with concrete materials have sufficiently absorbed the energy generated from
the static bending load. The energy absorption values achieved by the specimens with
parallel PSS direction were approximately 30–35% higher than those of corresponding
specimens with perpendicular direction.

The above conclusions are limited to the newly suggested composite CBPDS system
that was tested in this research. Further experimental and numerical investigations are
required to study the influence of other parameters that have not yet been investigated to
establish a new analytical method that can theoretically estimate the flexural strength and
stiffness of this new composite member.
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