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Development of an innovative cold-formed steel-plywood composite floor
system using epoxy-resin adhesive for residential buildings
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Abstract. This study aimed to develop innovative lightweight composite flooring system consisting of cold-formed steel
(CFS) and plywood with epoxy-resin adhesive connections. During the investigation, four composite floor panels were
fabricated by bonding C75.100 CFS beams with 12 mm thick Meranti plywood on bottom flange and 18 mm thick Meranti-
Sengon plywood on top flange using epoxy-resin adhesive. These panels have dimensions of 900 mm by 2800 mm, with a
thickness of 105 mm, and were subjected to vibration, bending, and creep tests. In addition, evaluation of the floor system was
conducted to determine its compliance with the required ultimate and serviceability limit states, based on typical residential
building design loads. Numerical analysis were developed to validate the vibration and bending test results. The experimental
results for the floor system showed natural frequency of 25.65 Hz, moment capacity of 18.60 kNm, flexural stiffness of 369.96
kNm?, and 90th-day creep factor of 0.15. Numerical analysis differences compared to experimental results were in acceptable
ranges, including 0.4-10.6% for moment capacity, 3.3-5.5% for flexural stiffness, and 6.2-7.4% for natural frequency.
Following this discussion, safety factor of 6.2 was obtained from ultimate limit state evaluation. Total deflection, including 0.24
creep factor for 50-year service life, was 4.88 mm, less than 1/240 of floor span limit. The natural frequency of 25.65 Hz
exceeded the minimum comfort requirement of 8-9 Hz. The results of the investigation showed that this CFS-plywood

composite floor system was lightweight, safe, and suitable for residential buildings.
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1. Introduction

Cold-formed steel (CFS) is typically used primarily as
roof trusses in residential buildings. However, after the
2018 Lombok earthquake in Indonesia, its high strength-to-
weight ratio led to its use as the primary structural material
in residential buildings, notably in the Rumah Instan Sehat
Baja Ringan (RISBARI) (Awaludin et al. 2020). Cold-
formed steel construction offers the advantage of producing
30% lower carbon emissions than hot-rolled steel
construction (Johnston et al. 2018) and 33% lower than
concrete construction (Altmann et al. 2022). Furthermore,
to achieve better structural performance, CFS may also be
combined with concrete as a composite column (Lai ef al.
2024, Lai et al. 2024), beam (Valsa Ipe ef al. 2013), and
floor system (Omar A. Shamayleh and Harry Far 2022).

The structural behavior of composites, particularly
under bending loads, has been widely studied to optimize
design and performance. Roézylo (2023) conducted
experimental and numerical investigations on composite
beams subjected to three-point bending. The study provided
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insights into failure mechanisms, emphasizing the role of
damage initiation and progression in composite materials.
Similarly, Szewczak et al. (2020) explored CFS sigma
beams retrofitted with CFRP tapes under four-point
bending, demonstrating that such reinforcement improved
both bending capacity and stiffness. These studies highlight
the significance of evaluating bending behavior in
composite systems to enhance their structural efficiency.
Research on CFS composite floor systems under bending
loads has also explored the integration of wood panels for
environmental and structural benefits (Dheeraj Karki et al.
2022). Wood panels, as alternatives to concrete, reduce
carbon and greenhouse gas emissions, which are
significantly generated by the cement industry (Meyer
2013, Pratiwi and Tjondro 2018). This combination
produces lightweight, sustainable flooring systems that are
easy to fabricate manually without heavy equipment.

Some research on composite floor systems using CFS
and wood-based panels have been extensively developed.
CFS joists, with a spacing of 600 mm, were compositely
connected to the particle board using self-drilling screws
(Kyvelou et al. 2015, Raffoul et al. 2019). The results
showed that using particle board increased the moment
capacity and flexural stiffness by 100% and 40%,
respectively, compared to bare CFS systems. Al Hunaity et
al. (2022) examined the vibration of a CFS-particleboard
composite floor system through numerical analysis. The
results showed that the natural frequencies of this floor
system were higher than the minimum limits given in three
standards, namely Australian Standard AS 3623 (Australian
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Standards 1993), AISC design guide 11 (American Institute
of Steel Construction 2011), and Eurocode 5 (EN 1995-1-1
2004). However, considering that the particle board is
classified as a low-density fiberboard (LDF), the increase in
moment capacity and flexural stiffness can still be
improved. Karki et al. (2021) conducted a numerical study
on composite floor systems using CFS with various types of
wood panels, including particle board, oriented strand board
(OSB), plywood, laminated bamboo, and laminated veneer
lumber (LVL). The numerical analysis showed that moment
capacity and flexural stiffness increased with the modulus
of elasticity of the wood panel used. LVL and plywood
panels achieved the highest moment capacity in CFS
composite floor systems, surpassing particle board by 4.5%.
Therefore, using plywood as timber boards in CFS
composite flooring systems could be a new experimental
research development.

Besides the material of the composite flooring system,
understanding connection behavior, in terms of their
strength and stiffness, is critical to accurately predicting the
performance of composite structures (Hassanieh et al. 2017,
Wusqo et al. 2019). Mechanical fasteners, such as self-
drilling screws, are commonly found in structures utilizing
CFS. However, using self-drilling screws alone provides
relatively low stiffness, so adding epoxy-based adhesive to
the surface of the CFS and the connected panel can increase
the stiffness of the connection (Karki et al. 2022). A
previous study has compared the behavior of two types of
CFS-plywood composite connections—self-drilling screws
and epoxy-resin adhesive alone—through single-shear tests
in the laboratory (Akbar et al. 2024). The test results
demonstrated that a plywood board connected to a CFS
beam wusing epoxy-resin adhesive connections could
produce a significantly higher stiffness than self-drilling
screw connections. Moreover, the use of adhesive
connections provides a more aesthetic appearance by
reducing the imperfection on the surface of the flooring
systems compared to self-drilling screw connections.

In a floor system design, the ultimate and serviceability
limit states are two aspects that need to be examined. Some
research conducted in recent years have been primarily
focused on assessing moment capacity and deflection due to
short-term loading, either through laboratory tests or
numerical analysis (Far 2020, Kyvelou et al. 2018, 2021).
However, according to Ngudiyono et al. (2020), in
materials with high viscosity, such as wood, their structural
capacity also depends on the loading duration. Although the
applied load may be relatively constant, increased
deformation can occur if the load is applied for a long-term
duration. This phenomenon is known as creep (Kullit 2013).
Therefore, the creep behavior needs to be considered in the
serviceability design of structures utilizing wood-based
materials (Nashirudin et al. 2016). Currently, there is very
limited research on the creep behavior of CFS-wood panel
floor systems, highlighting the need for laboratory testing.

Vibration was another aspect that needed to be checked
in evaluating serviceability limit states of flooring systems.
Combining CFS with plywood as a lightweight flooring
system could cause vibration issues that impact users'
comfort activities (Al Hunaity et al. 2022). Several common
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Table 1 Material properties of cold-formed steel

. Yield strength, Mod.u!us of . s .
Material £, (MPa) elasticity, £5  Poisson’s ratio
7 (MPa)
Cold-formed 619.54 200000 0.3
steel

human activities can exert dynamic forces on the floor
system within specific frequency ranges. Rhythmic
activities, such as dancing, aerobic exercises, or cheering at
events with many spectators, could lead to resonance
amplification (Allen and Rainer 1976). Therefore, Eurocode
5 (EN 1995-1-1 2004) and AISC design guide 11 (AISC
2016) provided minimum limits for the natural frequency of
a floor system to prevent this issue.

Unlike previous studies that focused primarily on short-
term mechanical performance or specific test, this study
provides a comprehensive investigation into the behavior of
CFS-plywood composite flooring systems. The use of
epoxy-resin adhesive connections as an alternative to
traditional fasteners addresses both aesthetic and structural
limitations identified in prior research. Moreover, the
study's holistic approach, combining vibration, bending, and
creep testing with numerical validation, contrasts with
existing work that often examines these aspects in isolation.
This integrated methodology contributes new insights into
the long-term serviceability and ultimate performance of
such flooring systems, advancing both theoretical
understanding and practical applications.

This study aims to develop an innovative composite
flooring system consisting of CFS and plywood with
epoxy-resin  adhesive connections. The developed
composite flooring system behavior was then investigated
through comprehensive laboratory tests, including
vibration, bending, and creep tests, to determine its natural
frequency, moment capacity, flexural stiffness, and creep
factor. In addition, numerical models were developed to
validate the natural frequency, moment capacity, and
flexural stiffness obtained from vibration and bending tests.
Subsequently, ultimate and serviceability limit state
evaluations were performed to assess the ability of the floor
system to support the design loads in residential buildings.

2. Material tests

Lipped C-section CFS, which commonly used in the
construction industry (Ahmed Sheta et al. 2023), was used
in this study. The material properties of CFS used were not
tested in the laboratory but were obtained from previous
investigations that applied the same material as in this study
(Making et al. 2021). The material properties of CFS used
were shown in Table 1. This study used two plywood
materials, namely 12 mm thick Meranti plywood (Shorea
spp.) and 18 mm thick combined Meranti (Shorea spp.) as
well as (Albizia chinensis) plywood. For both plywood
materials, coupons were extracted from the plywood panels
and subjected to bending, compressive, as well as tensile
tests parallel to the face grain of plywood according to EN



Development of an innovative cold-formed steel-plywood composite floor system using epoxy-resin adhesive for... 3

i
12 mm; 18 mm,

300 mm

(a) cross-section

P2

300 mm

300 mm

300 mm

50 mm

(b) elevation

Fig. 1 Dimensions of plywood bending test specimens
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Fig. 3 Dimensions of plywood tensile test specimens

789 (EN 789 2004). Three repeated tests were conducted
for each test type and both plywood types.

2.1 Plywood bending tests

Four-point bending tests were carried out to determine
both plywood types' bending strength and modulus of
elasticity. The dimensions of the specimens and the
experimental set-up are presented in Fig. 1. A linear
variable displacement transducer (LVDT) was placed on the
top of the board to measure the vertical deflection during
the test. The load was applied through a 300-kN universal
testing machine (UTM) at a constant rate for approximately
300 seconds of test duration until failure occurred.

2.2 Plywood compressive and tensile tests
Compressive and tensile tests were conducted to

determine the strength of each plywood type in these two
loading directions. The dimensions of the compressive and

tensile test specimens are illustrated in Figs. 2 and 3,
respectively. For the compressive specimens, epoxy-resin
adhesives were used to glue the coupons together. A 3000-
kN compression testing machine and a 300-kN universal
testing machine (UTM) were used to apply the load to the
compressive and tensile test specimens. A constant loading
rate was set so that the test lasted for approximately 300
seconds for each specimen. In addition, compressive test
specimens were also used to measure the density of each

plywood type.
2.3 Material test results

The key parameters, the density, modulus of elasticity,
bending strength, compressive strength, and tensile strength
obtained from the plywood material tests, were averaged
from all specimens and presented in Table 2. It was found
that the physical and mechanical properties of Meranti
plywood were much higher than those of Meranti-Sengon
plywood.



Table 2 Material properties of examined plywood
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Plywood tvpes Thickness, Density, Modulus of elasticity, Bending strength, Compressive  Tensile strength,
Y P 5 (mm) p (kg/m?) MoE (MPa) foub (MPa) strength, fis (MPa)  fi» (MPa)
Meranti 12 631.06 13364.95 32.36 25.01 28.69
Meranti-Sengon 18 395.65 6889.27 29.98 16.99 16.92

Table 3 Epoxy-resin adhesive shear strength and modulus

Bonded material

Plywood thickness, #»(mm) Adhesive shear strength, f..« (MPa)

Adhesive shear modulus, G, (MPa)

CFS-Meranti plywood 12
CFS-Meranti-Sengon plywood 18

1.73 231
2.17 2.51

Load

Bolts %
Steel plate - —
Y
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Cold-formed steel 7
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V.
LVDT —— 7
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Fig. 4 Epoxy-resin adhesive single shear test set-up (Akbar et al. 2024)

3. Epoxy-resin adhesive shear tests

The strength and stiffness of epoxy-resin adhesive were
obtained through single-shear tests. This test used tensile
loading scheme to prevent buckling of the CFS. The test
set-up referred to the study by Akbar et al. (2024), which
was shown in Fig. 4. At the top side of the specimen, CFS
was bonded to plywood using epoxy-resin adhesives with
dimensions of 1 x 40 x 50 mm. Meanwhile, the bottom side
of the specimen was connected using a combination of four
self-drilling screws and epoxy-resin adhesive to prevent
slip, allowing the slip measurement to be focused on the top
side of the specimen. A 100-kN universal testing machine
(UTM) was used to apply the load. At the same time, two
LVDTs on both sides of the specimen were used to measure
the slip that occurred.

The typical failure modes occurred on three specimens,
namely brittle failures with partial detachment of wood
fibers in the plywood outer layer and detachment of epoxy-
resin adhesive from the CFS surface. The adhesive shear
strength was calculated as the maximum load per shear
area, and the shear modulus was derived from the load-slip
relationship up to 40% of the maximum load. The results of
normalized adhesive shear strength and modulus for each
type of bonded plywood are presented in Table 3 and used
as interaction properties of CFS-plywood interaction in the
numerical model.

4. Composite floor tests
4.1 Test specimens

The specimen comprising four 3000-mm long C75.100
CFS supported with cross-section dimensions was shown in
Fig. 5. Two plywood boards were used, including 12 mm
thick Meranti plywood and 18 mm thick Meranti-Sengon
plywood. Each plywood board had dimensions of 900 mm
by 2400 mm. To produce a board of 3000 mm in length,
including the same length as joists of CFS, the identical
plywood boards were cut and jointed using epoxy-resin
adhesive at two symmetrical locations, as shown in Fig. 5.

To prevent premature localized failure of CFS joists due
to individual slenderness, cross-sections of CFS joists at the
support and loading points were strengthened with 200-mm
long timber blocks attached using self-drilling screws.
Moreover, the two 3000-mm long plywood boards were
bonded with four CFS joists on the bottom and top flange
using 1-mm thick epoxy-resin adhesive. According to the
product description, the curing process was conducted for a
minimum of 3 days to achieve optimum adhesive strength.
Following this discussion, the cross-section dimensions of
the assembled specimen were shown in Fig. 5. A total of
four identical specimens were fabricated for several tests.
Three specimens were used for bending tests, considering
the variability of timber materials, the specimen
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Fig. 7 CFS-plywood composite floor system four-point bending test

manufacturing process which was not guaranteed to be
perfectly consistent, and the purpose of validation to the
numerical modeling results. Meanwhile, one specimen was
used for the vibration test followed by the creep test.

4.2 Vibration tests

About 2800-mm span of floor specimen and simply

supported boundary condition were used in vibration tests
to investigate the dynamic characteristics of flooring
system. Welded-to-steel beam steel bar at the end of
longitudinal floor specimen recognized the pin support,
while free steel bar represented the roller support. This
pinned-roll idealized support was also used in both bending
and creep tests. During the process, a metal plate was
bonded on floor specimen at the mid-span using epoxy
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Fig. 8 CFS-plywood composite floor system creep test

adhesive, and accelerometer was attached to the plate with
the magnetism of accelerometer. The experimental layout
for vibration test in the investigation was shown in Fig. 6.
Rubber hammer was used to excite the floor specimen, and
the resulting free vibration response was recorded by the
data logger during the study. Due to the limitation of the
instrument, which was only able to record the response with
a sampling rate of 100 Hz, the impact forces were applied at
the mid-span of the specimen to excite the first flexural
mode.

4.3 Bending tests

Three typical specimens were used for four-point
bending test with simply supported boundary conditions as
applied in vibration tests. Bending tests were conducted to
assess the strength and stiffness of examined composite
floor systems. According to ISO/DIS 24322 (2023), the
specimens were loaded at individual third point through a
spreader beam using a 300-kN hydraulic jack and a 100-kN
load cell. Two 50-mm diameter steel bars, loaded by a
spreader beam, were placed on the position of the point
loads to distribute load across the width of the specimen.
Moreover, two LVDTs were used to measure the mid-span
vertical deflections of floor specimen during the test.
Experimental layout for four-point bending test was shown
in Fig. 7. During each test, three initial load cycles of 1 kN
were applied to the specimen to ensure the proper function

of the instrumentation. After these cycles, the floor
specimen was loaded until failure occurred in
approximately 1 minute of loading for each test, referring to
loading procedures in ISO/DIS 24322 (2023).

4.4 Creep test

The creep test was conducted on a composite floor
specimen to investigate its behavior under long-term
loading. The four-point bending scheme with a simply
supported boundary condition was used on the test.
Following the process, the magnitude of applied load was
25% of average maximum load obtained from bending test
results. The load was idealized using a group of concrete
blocks stacked on 10 wide flange spreader beams and
centered relative to the behavior of the center of the gravity
of the specimen. Each concrete block has been measured for
its weight, to ensure that the total weight of the concrete
blocks did not exceed 5% difference of the targetted load.
Additionally, two 50-mm dial devices were placed at left
and right sides of floor mid-span to measure vertical
deflections during the examination. Referring to
environmental requirements in ISO/DIS 24322 (2023), an
air conditioner and humidifier were used to control room
temperature and humidity at 25°C and 65%, respectively.
The experimental layout for the creep test was shown in
Fig. 8. Mid-span vertical deflections were measured for
minimum of 90 days, according to ISO/DIS 24322 (2023).
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Table 4 Recommended deflection measurement schedule (ISO/DIS 24322, 2023)

Event

Time of measurement (hr:min)

No load deformation immediately prior to loading

After loading is complete

One day after loading
Each day after loading, ...

0:00
0:01
0:05
0:10
1:40
8:20
24:00
48:00, ...

The measurement schedule referred to recommendations
given in ISO/DIS 24322 (2023), as shown in Table 4. Creep
factor obtained from the test was relative to the time of
loading, and calculations were limited to 90-day. Therefore,
logarithmic regression, by excluding the creep factor under
10 minutes of loading, was used to predict creep factor at a
certain service life (ISO/DIS 24322, 2023).

5. Numerical model

Numerical models were applied to validate vibration and
bending test results using ABAQUS software. The natural
frequency, moment capacity, and flexural stiffness obtained
from numerical analysis were compared to experimental
results. Following the process, another objective of analysis
aimed to investigate progressive flexural behavior of
composite floor, which was difficult to observe in
laboratory tests.

5.1 Material model and element type

The material model for CFS and plywood was idealized
as an elasto-plastic material, without a damage criterion,
based on bending test results that showed no damage or
failure in either the CFS or plywood materials. On the other
hand, this approach could also reduce the computational
time of the model. The material model of CFS was
idealized using the Ramberg-Osgood model developed by
Gardner & Ashraf (2006) as elasto-plastic material, The
constitutive equations of the Ramberg-Osgood model are
given in Egs. (1)-(2). Where E is the Young’s modulus, 6o
and o1 represented the 0.2% and 1% proof stress
respectively, Eo, was the tangent modulus of stress-strain
curve at ooz, €2 and e represented the total strains
corresponding to the 0.2% and 1.0% proof stress, while n as
well as n’2,10 are strain hardening exponents. The Young’s
modulus (£) and 0.2% proof stress (0o.2) were referred to as
material properties of CFS in Table 1.

o

o n
e= E + 0.002( ) ; for o < 092 (1)

oy

T~ 0| 70 0210
- 9 _ Jp— - - g < <
+H ey eg; +e,,; for 602 <o < 0u(2)

Plywood material was simplified as an isotropic instead
of anisotropic material commonly used to model timber
material. Elastic (modulus of elasticity) and plastic
(compressive stregth for top plywood and tensile strength
for bottom plywood) parameters were derived from the
results of the plywood material tests in the laboratory, as
shown in Table 2. Additionally, strengthened timber blocks
and steel bars were modeled as elastic isotropic materials,
with modulus elasticity and Poisson ratio of 12717.17 MPa
and 0.33 for timber blocks (Dika Fajar et al. 2021, Tenar et
al. 2017), and 200000 MPa and 0.3 for steel bars. Although
CFS was commonly modeled as a shell element (Kyvelou et
al. 2018), a three-dimensional solid element model was
chosen in the analysis to model the interaction between CFS
joists and plywood boards using epoxy-resin adhesives. All
parts were assigned as 8-noded three-dimensional elements
with reduced integration and hourglass control (C3D8R).
Moreover, an appropriate mesh density should be chosen to
capture accurate results and efficient computational time.
Previous studies that conducted numerical analysis of CFS-
timber board flooring systems under flexural loading have
modeled CFS and timber board by using mesh density of 10
mm and 20 mm, respectively (Karki et al. 2021, Kyvelou et
al. 2018). Considering the thickness of the CFS and
plywood materials used in this study were smaller, the mesh
density used is 5 mm and 10 mm, respectively. For the
record, support and loading steel bars were not modeled in
frequency analysis to avoid analyzing the natural frequency
of those elements.

5.2 Contact modeling

At the position of support and loading points,
strengthened timber blocks were tied to CFS joists,
simulated self-drilling screw action in experimental
specimens. The interactions between the support and
loading points steel bars and the plywood boards were
idealized as hard contact with a Coulomb friction
coefficient set to 0.2, according to Kyvelou et al. (2018).
Subsequently, the interaction between cold-formed steel
joists, epoxy-resin adhesive, and plywood boards was
modeled as a cohesive contact. In ABAQUS, there are two
methods to modeling the behavior of the epoxy-resin
adhesive, namely cohesive element and cohesive behavior.
Both methods were based on traction-separation law to
determine the bond-slip relationship, as shown in Eq. (3)
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And Fig. 9. The difference between these two approaches is
whether or not the adhesive layer is modeled. In the
cohesive element approach, the adhesive layer was modeled
so that failures due to adhesive separation could be
observed. However, this approach requires a long
computational time. Therefore, the cohesive behavior
approach was used in this paper. Since this approach did not
model the adhesive layer, the failures were observed
through the traction value at the surfaces of two bonded
elements.

rll K?m 0 O 6 n
IS = 0 Kﬂ 0 5&, (3)
f 0 0 K, |9

Where ¢,, t;, and f; were tractions in normal and shear
directions respectively, K,, represented the normal cohesive
stiffness, while K;;and K, were the shear cohesive stiffness.
The stiffness parameters were obtained using Eqs. (4)-(5),
according to Ngudiyono et al. (2021). Where 7.« Was the
maximum shear stress and s; was the slip when the
maximum shear stress occurred. Moreover, the tractions in
normal and shear parameters were referred to as adhesive
shear strength obtained from laboratory shear tests. The
cohesive behavior key parameters used to model the
interaction between CFS and plywood boards are presented
in Table 5. Due to the lack of laboratory test data, the
interaction between the plywood boards was also modeled
as cohesive behavior with the parameters referring to 12-
mm thick plywood-CFS interaction.

max
Ky=Ki=75, (4)
K. =100K )

5.3 Boundary conditions

In laboratory tests, the support steel bars were placed on
steel beams; therefore, fixed boundary conditions were
applied to the bottom surface of the modeled support steel
bars. To capture floor behavior beyond ultimate load, the
load was introduced by using controlled displacement
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Table 5 Cohesive behavior parameters

Parameters 12-mm thick 18-mm thick
plywood-CFS plywood-CFS
Ko (N/mm) 160.45 175.44
Kss= Ky (N/mm) 1.60 1.75
tn= ts= t;(N/mm?) 1.73 2.17
Table 6 First natural frequency comparison of

experimental and numerical analysis results

Natural frequency, fi

Method Difference* (%)

(Hz)
Exp. Sampling 1 25.78 6.2
Exp. Sampling 2 25.68 6.6
Exp. Sampling 3 25.49 7.4
Numerical analysis 27.37 -

*Numerical analysis difference to each experimental result

boundary conditions applied at reference point created at
the mid-span of the composite floor and constrained to
loading point steel bars. Frequency linear pertubation and
general static analysis were used to obtain frequencies and
load-deflection curve of floor model. These two parameters
were compared to the experimental results of the study.

6. Results and discussion
6.1 Natural frequency

Time history functions obtained from three repetitions
of vibration tests were transformed to the frequency domain
using Fast Fourier Transform (FFT) method. From FFT,
shown in Table 6 and Fig. 10(a), the first natural
frequencies (fi,.y) were obtained as the frequency at
maximum acceleration amplitude. Moreover, the average
first natural frequency of the examined CFS-plywood
composite floor system was 25.65 Hz in flexural mode. The
first mode of the vibration obtained from numerical
analysis, characterized by flexural mode as shown in Fig.
10(b), was found to have a natural frequency (fi r£) of 27.37
Hz, which matched the results obtained from vibration tests.
The difference in first frequency between experimental and
numerical analysis results was probably caused by the fact
that the real body was not unconstrained (the specimen was
placed on the soft rubber pad on the support). However, the
errors were in the acceptable range of 6.2-7.4%, which
showed good agreement between experimental and
numerical model.

6.2 Failure mechanism and load-deflection behavior

All three specimens experienced in-plane brittle failure,
similar to the experimental results by Drzecnik et al.
(2022), who examined timber-glass composite beams using
epoxy-resin adhesive. The failure occurred due to epoxy-
resin adhesive separation at the interface between CFS and
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Fig. 10 First natural frequency of CFS-plywood composite floor system
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Fig. 11 Separation at jointed bottom plywood interfaces

bottom plywood at one of the shear spans as presented in
Fig. 12(a). At the other shear span, separation occurred at
the jointed bottom plywood interfaces, as shown in Fig.
11(a). The asymmetrical failure in both shear spans was
probably caused by the uneven distribution of adhesive
material on bonded surfaces.

Compared to numerical analysis results, the separation
at the jointed bottom plywood interfaces occurred at 53% of
maximum loading as shown in Fig. 11(b). Meanwhile, Fig.
12(b) showed the separation at the interface between CFS
and bottom plywood occurred at 100% of maximum
loading, indicated by the contact shear value that reached
the adhesive shear strength of =1,73 MPa. These failure
mechanisms indicate that the employed numerical analysis
could capture the behavior of the examined composite floor
system under flexural loading, even numerical analysis
could provide more detail and progressive failure
information.

Since strain gauges were not employed in laboratory
bending tests, stress distribution at the CFS joists and

plywood boards could not be observed. However, through
visual observation, failures did not occur in these two parts.
These observations were validated by the numerical
analysis results shown in Figs. 13 and 14, where the stresses
in the CFS, bottom plywood board, and top plywood board
have not reached their yield, tensile, and compressive
strength respectively.

The load-deflection data series obtained from bending
tests were plotted to load-deflection curve, as demonstrated
in Fig. 15. The deflection values plotted were obtained as
average deflection of measurement of two LVDTs at left
and right sides of each specimen. From load-deflection
curves of all specimens, the slopes tended to be linear with
a small degradation in stiffness, until reaching the
maximum load followed by a sudden drop in load (brittle
failure), sginifying that the specimens have failed. The
maximum load of each specimen was taken to calculate the
moment capacity (M) of the CFS-plywood floor system,
as presented in Table 7. Meanwhile, load-deflection data
series up to the elastic limit, including 25% of the
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(a) Experimental results
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(b) Numerical analysis results

Fig. 12 Epoxy-resin adhesive shear failure at the cold-formed steel-bottom plywood interface
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Fig. 13 Stress distribution of cold-formed steel joists at maximum loading

Table 7 Moment capacity and flexural stiffness of experimental and numerical analysis results

Moment capacity, M

Method

Flexural stiffness, EI

(kNm) Difference* (%) (kNm?) Difference* (%)
Exp. Specimen 1 18.76 0.4 369.16 4.7
Exp. Specimen 2 20.00 5.8 366.37 5.5
Exp. Specimen 3 17.03 10.6 374.35 33
Numerical analysis 18.84 - 386.64 -

*Numerical analysis difference to each experimental result

maximum load (Kyvelou ef al. 2015), was used to calculate
the flexural stiffness ((El)exp). The flexural stiffness was
later used to calculate deflection in serviceability limit state
evaluation.

From bending tests, average moment capacity and
flexural stiffness of the examined CFS-plywood composite
floor system are 18.60 kNm and 369.96 kNm?respectively.
Compared to experimental results, numerical model
provided analysis results that simulated the ideal behavior
of CFS-plywood composite floor system under flexural
loading. Stiffness degradation due to micro-failures in the

model was not visible in load-deflection curve. This result
was due to the assumption of uniform bond of adhesive
materials without any manufacturing defects, leading to a
higher value of flexural stiffness ((El)rr) of 386.64 kNm?
than the experimental with 4.7-5.5% differences.
Concerning moment capacity, numerical analysis results
(Mrg) of 18.84 kNm were close to experimental specimen 1
with a difference of 0.4%, while compared to specimen 2
and specimen 3, the numerical analysis results were still in
the acceptable range of differences, i.e., 5.8% and 10.6%
respectively.
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Fig. 14 Stress distribution of plywood boards at maximum loading
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Fig. 15 Load-deflection curve of experimental and numerical analysis results

6.3 Long-term behavior and creep factor bending test, 9.96 kN should applied in the creep test.
Therefore, the total weight of wide flange spreader beams

A specimen of CFS-plywood composite floor system and stacked concrete blocks of 1019.7 kg (10 kN) was close
was used in the experimental creep test. The magnitude of to this requirement by only 0.3% difference. Measurement
the applied load was 25% of the average maximum load of deflection and calculation of the creep factor at each
obtained from the bending test results. According to the measurement time was carried out for 90 days. The average
average maximum load of 39.87 kN obtained from the deflection was taken from two dial gauges, one each on the
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Table 8 Design loads for CFS-plywood composite floor evaluation

Load type

Distributed load (kN/m)

Self-weight (DL)
- Four cold-formed steel beams
- Meranti plywood
- Meranti-Sengon plywood
SPC-type floor covering (DL)
Live load for residential building (LL)

0.047
0.063
0.067
0.080
1.728

Table 9 Ultimate and serviceability limit state evaluation results

Parameters Value and requirement Check
Ultimate limit state
- Moment capacity 18.60 kNm > 3.01 kNm Passed
Serviceability limit state
- Total deflection 4.88 mm < 11.67 mm Passed
- Vibration 25.65 Hz > 8Hz; 9Hz Passed

left and right sides of the specimen. The time-deflection
relationship obtained from the creep test is presented in Fig.
16.

Deflection measurement showed that an instant
deflection of 10.93 mm occurred after 1 minute of 10 kN
loading was completed. Subsequently, the deflection
increased rapidly until 9 hours after loading, reaching 11.82
mm, showing a slightly increasing trend until the 34" day
after loading, where it increased from 11.82 mm to 12.51
mm. The increase in deflection was very small from 12.51
mm on day 34 to 12.57 mm on 90" day. When looking at
the change in deflection from day O (instant bend) to 90, it
only increased by 1.64 mm. These findings were consistent
with the study conducted by Chiniforush ez al. (2019), who
investigated the behavior of a hot-rolled steel-CLT
composite system under a constant load equivalent to 27%
of the maximum bending load for 16 months. The results
showed that the difference between the instant and final
deflection at the 16" month was only 0.8 mm.

From the deflection measurement data, the creep factor
at day 90 was 0.15, which was relatively small compared to
the 2.0 creep factor for structural wood given in Indonesian
National Standard 7973:2013 (SNI 7973 2013). This
finding was probably due to the existence of CFS, which
had a very low viscosity relative to plywood. During the
study, creep factor found was similar to the test results by
Chiniforush et al. (2021), where the creep factor of the hot-
rolled steel-CLT composite system at the 22°¢ month of
loading was 0.19.

Since creep factor value changed relative to time, the
creep factor on the 90" day of loading could not be used as
a design reference, considering that service life of buildings
generally was 50 years. In ISO/DIS 24322 (2023), creep
factor for specified service life could be estimated using
logarithmic regression line, excluding the creep factor under
10 minutes of loading. According to regression equation in
Fig. 17, the predicted creep factor for a 50-year service life
was 0.24, greater than the creep factor of the 90" day of

loading. The predicted creep factor was then used in
calculation of total deflection to evaluate serviceability limit
state of CFS-plywood composite floor system.

6.4 Composite floor system evaluation for residential
buildings

In building design, especially for flooring systems, the
design was not only limited to the strength of the floor
system, but also its serviceability, including deflection and
vibration. Through comprehensive experimental tests,
moment capacity, total deflection, and vibration were
obtained to be evaluated for residential building design
loads. The applied loads in the examinations included self-
weight of composite floor, additional dead load of floor
covering, and live load for the residential building function.
The self-weight of the composite floor consisted of four
CFS beams, Meranti plywood, and Meranti-Sengon
plywood, which were calculated based on the density and
dimensions of each material. The additional dead load of
floor covering from a 4 mm thick SPC was 9.11 kg/m?.
Meanwhile, live load for residential buildings refers to
Indonesian National Standard (SNI 1727 2020), including
1.92 kN/m2 All applied loads were then converted to
distributed loads per meter, assuming floor width 900 mm
as presented in Table 8.

For ultimate limit states evaluation, a load combination
of 1.2DL + 1.6LL was used to compute factored moment.
The result showed that factored moment of the CFS-
plywood composite floor system for residential buildings is
3.01 kNm. According to average moment capacity system
of 18.60 kNm, the CFS-plywood composite floor system
had a safety factor of 6.2, greater than safety factor obtained
in study by Wood (1960) of 1 to 4.

Deflection of simply supported CFS-plywood composite
floor system was calculated using design loads, span length,
and average flexural stiffness obtained from bending tests.
Concerning the long-term behavior of plywood material,
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calculated deflection was captured as the sum of the
deflection due to short-term and long-term load
combinations (SNI 7973, 2013). Load combinations of
1.0DL + 1.0LL and 1.0DL + 0.5LL were used to calculate
the short-term and long-term deflections respectively.
During the study, 50-year service life creep factor of 0.24
was then used as a multiplying factor for long-term
deflection. From the calculation, the total deflection of
CFS-plywood composite floor system for residential
buildings was 4.88 mm, less than maximum deflection limit
of 11.67 mm (//240).

Some human activities imparted dynamic forces to the
floor system in the frequency range of 2 Hz to 6 Hz (Allen
and Rainer 1976). When the natural frequency of a floor
system was in this range and human activity on it was
rhythmic, then resonance amplification might occur.
Eurocode 5 (EN 1995-1-1 2004) and AISC design guide 11
(AISC 2016) limited minimum natural frequency of 8§ Hz
and 9 Hz, respectively, to prevent the resonance that could
lead to user discomfort. According to vibration test results,
average natural frequency of 25.65 Hz of CFS-plywood
composite floor system has met minimum values of 8 Hz
and 9 Hz. Based on the results of ultimate and serviceability
limit state evaluations presented in Table 9, the examined
CFS-plywood composite floor system was safe to use in
residential buildings.

5. Conclusions

This study has comprehensively investigated the
structural behavior of a cold-formed steel-plywood
composite floor system using epoxy-resin adhesive
connections. Through an extensive series of experimental
tests, including vibration, bending, and creep evaluations,
the floor system demonstrated excellent performance under
both ultimate and serviceability limit states.

In terms of the ultimate limit state, the floor system
demonstrated in-plane brittle failure modes. These were
characterized by epoxy-resin adhesive separation at the
interface between CFS and bottom plywood, as well as at
the jointed plywood interfaces. Despite these localized
failures, the system exhibited an average moment capacity
of 18.60 kNm, significantly exceeding the factored design
moment of 3.01 kNm. This result provided a safety factor of
6.2, demonstrating the structural robustness and reliability
of the system under the applied loads typical of residential
buildings. The excellent moment capacity performance
highlights the suitability of the system for resisting ultimate
loading conditions.

Concerning serviceability limit state, the floor system
exhibited exceptional dynamic characteristics, with an
average natural frequency of 25.65 Hz, substantially higher
than the minimum comfort thresholds of 8 Hz and 9 Hz
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specified in international standards. The flexural stiffness of
369.96 kNm? ensured that the total deflection, including the
predicted creep factor of 0.24 over a 50-year service life,
was 4.88 mm. This value was well below the allowable
limit of 1/240 of floor span, reflecting the system's capacity
to maintain serviceability and user comfort under both
short- and long-term loading conditions.

Numerical analysis developed in this study not only
successfully validated the experimental results but also
provided deeper insights into the structural behavior of the
composite floor system. The analysis demonstrated
excellent agreement with experimental findings, showing
differences of only 0.4%-10.6% for moment capacity,
3.3%-5.5% for flexural stiffness, and 6.2%7.4% for
natural frequency. This level of accuracy underscores the
reliability of the numerical model in replicating real
structural performance. The numerical simulations captured
critical behaviors, including progressive failure mechanisms
such as stress distribution and adhesive shear failure, which
were challenging to observe in laboratory tests. Beyond
validation, the numerical models offer significant potential
for advanced parametric studies. They provide a platform
for exploring a wide range of design variables, such as span
lengths, cross-sectional dimensions, adhesive properties,
and material configurations. These studies can help
optimize the floor system's performance, adapt it to various
structural requirements, and explore its application in more
demanding scenarios.

In conclusion, the innovative CFS-plywood composite
floor system developed in this research offers a lightweight,
structurally robust, and sustainable solution for residential
building applications. Its compliance with both ultimate and
serviceability criteria highlight its potential for practical
implementation in modern construction. Future work could
also explore broader applications in multi-story buildings or
more demanding structural designs to further expand its
versatility and impact.
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