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Abstract: This study aimed to evaluate the flexural behavior characteristics of prestressed concrete
hollow-core slabs (HCSs) through bending experiments. Six specimens were used as variables, both
with and without reinforced concrete, in the HCS. A four-point load was applied in the form of
a simple support beam to assess the flexural behavior and ultimate strength of HCS. The results
demonstrate that, compared to non-reinforced specimens, the reinforced HCS exhibited higher
maximum loads and better ductility performance. The experimental outcomes demonstrate that
HCS showed an average of 10% higher capacity than the maximum load of the concrete structure
standards (KDS 14 20 20, ACI 318-19, and PCI handbook), with or without reinforced concrete,
leading to relatively safe predictions. This study’s experimental findings are anticipated to aid in
evaluating structural safety in a relatively secure way. The findings indicate that the HCS structural
system is excellent at sustaining the weight of a structure and ensuring its safety. Additionally, this
investigation is anticipated to furnish practical guidance for optimizing the use of HCS systems in
structural design and construction.

Keywords: flexural strength; hollow-core slabs; precast concrete; prestressed concrete

1. Introduction

Society is rapidly evolving with technological advances and information dissemination.
As a result, the construction industry is striving to move away from traditional labor-
intensive methods. To minimize on-site management and construction, numerous structural
systems are gaining prominence. One such system is the prestressed hollow-core slab (PS-
HCS), characterized by a low self-weight achieved through the development of a hollow
core in the central section. PS-HCS exhibits exceptional structural efficiency. As a result,
since their inception in the 1950s, PS-HCSs have been used to construct structures for
various applications [1]. PS-HCSs with top and bottom stiffeners enjoy great popularity in
both Europe and North America due to their superior flexural performance compared to
that of reinforced concrete slabs [2–6]. Compared to reinforced concrete structures, which
are typically cast in place, PS-HCSs are fabricated in a factory and installed on site, resulting
in reduced construction time and simplified site management. The use of hollow-core slabs
is advantageous in the construction of long-span structures because it reduces the self-
weight of the structure [7–14]. As a result, such slabs are widely used in the construction
of facilities that require long-span floors, including parking garages, distribution centers,
semiconductor factories, and bridges [15]. When used as flooring systems, PS-HCSs create
a load-bearing composite floor with reinforced concrete. This composite behavior allows
for greater strength and stiffness under vertical loads while providing resistance to lateral
loads due to diaphragm action.
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In addition, PS-HCSs exhibit exceptional performance in the reduction of heavy im-
pact sound, a significant source of noise between floors. When PS-HCSs are incorporated
into multi-family housing, this property is expected to reduce vibration and subsequently
limit inter-story noise disputes [16]. Since PS-HCS elements are produced by simultane-
ously pouring high-strength, low-slump concrete without formwork or compaction, shear
reinforcement distribution is difficult. Therefore, it is essential to check the structural
performance to avoid shear failure before flexural failure. In addition, the deformation
of floors due to lateral loads caused by earthquakes must be considered [17]. The study
found that the evaluation of horizontal shear strength during push-off tests is significantly
affected by orientation, lattice, and interface roughness, with manufacturing method and
interface roughness acting as variables [18]. Previous research on shear friction has been
studied and used for comparison, and the need to consider the shrinkage and stiffness
of the reinforced concrete–concrete interface has been emphasized while analyzing the
primary factors affecting the interface [19]. Previous studies have mainly focused on the
shear capacity of HCS with synthetic topping concrete and boundary roughness. However,
research is lacking on the flexural behavior of PS-HCSs with composite sections and syn-
thetic topping concrete. Previous studies have developed a finite element model to predict
the stress distribution and crack pattern of slabs by conducting experiments with a height
of 500 mm [20]. In addition, previous studies have proposed a joint slab consisting of PHC
slabs and RC slabs with high-strength tendons for economical and rapid construction [21].
Additionally, previous studies have developed a machine learning model to evaluate the
slip of HCS [22].

In this study, a full-size PS-HCS with a section height (h) of 350 mm is evaluated
against flexural behavior. Shear reinforcement bars were strategically placed at both ends
of a 1 m section to prevent failure of the reinforced concrete due to interfacial adhesion.
The flexural test was conducted with and without the inclusion of reinforced concrete
as a variable. To confirm the achievement of the required structural performance, the
experimental results were compared with the results predicted by the design criteria.

Research Significance

HCS is an off-site construction method (OSC) that produces members in a factory
and assembles them on site, and compared to general reinforced concrete, it is an effective
construction technology for preventing global warming by minimizing CO2 generation
through air shortening and easy site management.

For this purpose, both the material and production of HCS members need to be
evaluated by systematic management, and the method for evaluating the bending capacity
of these members needs to be improved. In this paper, the strain distribution of various
load levels based on the maximum load along the depth in the center section of the HCS
was evaluated by applying the strain fit condition.

The design values of the strength of prestressed hollow slabs are based on two failure
mechanisms: bending and shear. However, the boundary between these two mechanisms is
not always clear, and it is common in laboratory results for HCS to fail due to the bending–
shear mechanism. Since HCS is composed of high-strength concrete with a low slump
that is compacted simultaneously with pouring without formwork and the members are
extruded and molded, a structural performance review is required to ensure that shear
failure does not precede.

In general, when applied to a structure, reinforced concrete is poured on the site to secure
continuity between slabs at the end so that the entire floor can act as a diaphragm, and it is
important to evaluate the bending performance by securing the horizontal shear strength
between the joint surfaces for the integrated behavior of HCS and reinforced concrete.

This can help to ensure the safety of structures using HCS. By understanding the flexural
strength and stiffness of HCS, engineers and researchers can design HCS structures with
stable flexural behavior. In addition, evaluating the flexural performance of HCS can help
improve the efficiency of precast prestressed members, which can lead to material savings and
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improved constructability. It is possible to evaluate the factors that can affect the flexural per-
formance of HCS by preventing brittle failure of the member according to the cross-sectional
characteristics and loading conditions through an HCS flexural performance evaluation.

2. Major Structural Design Criteria of PS-HCS
Flexural Strength

KDS 14 20 20 [23] and ACI 318-19 [24] use assumptions and conditions for the analysis
and design of deflections based on the grades of prestressed concrete members, as shown
in Table 1. The properties of PS-HCS are used here to represent the deflection design of
cracked members.

Table 1. Assumptions and conditions for flexural analysis and design based on member grades [25,26].

Rating Assumptions and Conditions for
Interpretation Assumptions and Conditions for Design

Non-cracking rating

-Assumption of planarity
-Full adhesion of concrete and reinforcement

(For Attachment Tensioners)
-Given the material’s properties

-The material is elastic
-No change in tension under working load

Partial crack rating

-Assumption of planarity
-Full attachment of concrete and tensioner

(For attached tensioners)
-Given the material’s properties

-The material is elastic
-No change in tension under working load

Crack rating

-Assumption of planarity
-Full attachment of concrete and tensioning

(For attached tensioning)
-Given the material’s properties

-Ignore the tensile strength of concrete
-Concrete fails when the compressive strain

of the compression podium is 0.0033.
-Use Equivalent Stress Blocks

The deflection design of cracked prestressed concrete members is similar to the deflec-
tion design of reinforced concrete members because there is a section stress limit condition
for the initial load but not for the ultimate load; so, members can be designed based on
the limit condition of the initial load and also based on the strength design method for the
ultimate stress. In addition, KDS 14 20 20 and ACI 318-19 specify that the crack resistance
should be at least 1.2 times the crack moment, as shown in Equation 1, so that the member
does not fail immediately after cracking but can cause ductile failure after receiving a
certain amount of additional load.

Mu (= ∅ Mn) ≥ 1.2 Mcr (1)

The cracking moment (Mcr) can be found using Equation (2) as follows:

Mcr = fs Sb + Pe

(
r2

c
yb

+ e
)

(2)

where fr is the flexural cracking strength of concrete and 0.63
√

(fck), Sb is the section
modulus from the neutral axis of the section to the bottom surface of the section, Pe is the
effective tension of the prestressing material, rc is the radius of gyration of the area, yb is
the distance from the neutral axis of the section to the bottom surface of the section, and e
is the distance from the neutral axis of the section to the center of the prestressing member.

The flexural strength of prestressed concrete members can be accurately calculated
using a material mechanism based on the appropriate deformation conditions. However,
unlike the calculation of the flexural strength of reinforced concrete members, the calcu-
lation of the stress of high-strength PS steel (fps) is not easy. Therefore, in the concrete
structure standard, when calculating the flexural strength, the yield strength of PS steel
(fpy) is not used to calculate the flexural strength; rather, the stress of PS steel at failure (fpu)
is used to calculate the flexural strength.
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The flexural strength of a prestressed concrete member can be calculated in two ways,
depending on how the stress in PS steel (fps) is calculated.

fps < 0.5 fpu if the material mechanism is used.
fps ≥ 0.5 fpu is calculated using the stress in PS steel (fps) in the reinforcement.
fps ≥ 0.5 fpu when the stress in the PS steel of the member with the attached tensioner

(fps) is calculated using Equation (3).

fps = fpu

[
1−

γp

β1

{
ρp

fpu

fck
+

ds

dp

(
ω−ω′

)}]
(3)

where fps is the stress in the PS steel, fpu is the tensile strength of the PS steel, β1 is the
equivalent stress block factor, ρp is the ratio of PS steel (ρp = Aps /

(
b dp

)
),ω is the steel

index of tensile reinforcement, (ω = ρ fy / fck) is the steel index of the compression bar
(ω′ = ρ′ fy / fck), ρ is the ratio of tensile reinforcement (ρ = As / (b ds)), ρ′ is the ratio of

the compressed rebar (
γp
β1

{
ρp

fpu
fck

+ ds
dp

(ω−ω′)
}
= A′s / (b ds)), Aps is the cross-sectional

area of PS steel, As is the cross-sectional area of the tensile reinforcement, A′s is the cross-
sectional area of the compressive reinforcement, fck is the compressive strength of concrete,
b is the width of the member, dp is the distance from the compression podium to the center
of the PS steel section, ds is the distance from the compression podium to the center of
the tensile reinforcement section, and γp is the coefficient according to the type of PS steel
(fpy / fpu ≥ 0.8 in the case of γp = 0.55; fpy / fpu ≥ 0.85 in the case of γp = 0.40; and
fpy / fpu ≥ 0.9 for γp = 0.28).

If compressed rebar is considered in the calculation, the value of
{
ρp

fpu
fck

+ ds
dp

(ω−ω′)
}

must be greater than or equal to 0.17; the value of d′ (the distance from the compression
podium to the cross-sectional center of the compression bar) should not be less than 0.15dp.
For fps ≥ 0.5 fpu, the PS steel stress in the member with non-attached tensioning ( fps) is equal
to Equations (4) and (5).

fps = fpe + 70 +
fck

100ρb
if the ratio of span to depth is 35 or less. (4)

fps = fpe + 70 + fck
300ρb

to depth if the ratio of span to depth is greater than or equal to 35.
(5)

where fps is the yield strength (fpy) or less, Equation (4) is fpe + 420 MPa or less, and
Equation (5) is fpe + 210 MPa.

Stress in PS steel (fps) can be obtained using Equations (3)–(5), as shown earlier, and
the depth of the equivalent stress block (a) and the depth of the neutral shaft (C) can be
obtained by the force equilibrium condition shown in Equations (6) and (7).

a =
Aps fps + As fs

0.85 fck b
(6)

c =
a
β1

=
1
β1

Aps fps + As fy

0.85 fck b
(7)

The assumption of tensile reinforcement strain can be verified by the deformation fit
condition, as shown in the following equation:

εs =

(
ds

c
− 1
)
εc (8)

where εs is the strain in the tensile reinforcement and εc is the strain in the concrete.
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Based on the above process, the design flexural strength of a prestressed concrete
member can be calculated as shown in Equation (9).

∅ Mn = ∅
[
Aps fps

(
dp −

a
2

)]
(9)

where fps is the stress in the PS steel, fy is the yield strength of the tensile reinforcement,
Aps is the cross-sectional area of the PS steel, As is the cross-sectional area of the tensile
reinforcement, dp is the distance from the compression podium to the center of the PS steel
section, ds is the distance from the compression podium to the center of the tensile steel
section, and a is the depth of the equivalent stress block.

3. Test Program
3.1. Materials

To evaluate the flexural performance of PS-HCSs, the compressive strengths of the
concrete used to fabricate the specimens were designed to be 49 MPa and 27 MPa, respec-
tively; the concrete mix design is shown in Table 2. To evaluate the compressive strength of
the concrete, three ϕ100 mm × 200 mm cylinder specimens were fabricated according to
ISO 1920-3:2019 [27], and the compressive strength of the concrete was evaluated according
to ISO 1920-4:2020 [28].

Table 2. Mix proportion of concrete.

f ck
(N/mm2)

W/B
(%)

S/a
(%)

Material by Weight (kg/m3)

W C S G AD

27 52.0 47.0 325 874 1000 2.6

49 36.8 49.5 136 370 942 976 -

A compressive strength evaluation of the specimens was performed immediately
after the PS-HCS test; the compressive strength of the concrete averaged 57.6 MPa for
the PS-HCS members and 30.5 MPa for the reinforced concrete, as shown in Table 3. The
stress–strain relationship of the concrete, shown in Figure 1, was measured during the
compressive strength test using concrete strain gauges attached to the longitudinal and
transverse sides of the specimen.

Table 3. Concrete compressive strength test results.

HCS (N/mm2) Synthetic Topping (N/mm2)
Note

Design Test Ave Design Test Ave

49

63.97

63.97 27.0

30.07

30.07 Cylinder
(ϕ100 × 200)

48.21 30.24

60.57 31.24

The prestressed concrete tendon used to evaluate the flexural performance of PS-HCS was
SWPC 7B, with values ofϕ of 12.7 mm and 9.5 mm, and the physical properties are Young’s
modulus (Eps = 196 GPa), yield strength (fpy = 1581 MPa), yield strain (εpy = 0.0062 mm/mm),
tensile strength (fpu = 1860 MPa), and tensile strain (εpu = 0.0800 mm/mm). The stress–strain
relationship is shown in Figure 2.
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3.2. Design of Specimens

Specimens were selected to evaluate the flexural performance of PS-HCSs subjected to
static moments. There were six specimens in total; As Figure 3 the total height of the slab
section was 350 mm, and the width was 1200 mm. The thickness of the topping concrete
was planned to be 120mm. All specimens had the same length of 7000 mm. The shear
span ratio (a/d) of the specimens was designed to be 7.2 for the non-composite specimens
and 10.0 for the composite specimens, depending on the effective depth of the member to
induce flexural failure.
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In the specimen names shown in Table 4, F is the flexural specimen, N is the non-topping
concrete HCS specimen, and R is the synthetic topping concrete reinforced specimen. In order
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to plan the integration of the HCS, synthetic topping concrete was applied to a rough surface
on the top of the specimen. The prestressed tendon used to fabricate the specimen was SWPC
7BL, with 10-ϕ12.7 mm in the lower part and 2-ϕ9.5 mm in the upper reinforcement.

Table 4. Design of specimens.

Specimens
f′c (N/mm2) Size (mm) Prestressing Strand

a/d
(%)

H
(mm)HCS Synthetic

Topping h b l Bottom Top

FN-1

57.6

– 350

1200 7000 10φ12.7 2φ9.5

10.0 –FN-2

FN-3

RCF-1

30.5 470 7.2 120RCF-2

RCF-3

3.3. Test Setup

The experiment was conducted using a structure testing machine (Smart Natural Space
Research Center at Kongju National University Republic of Korea). The test specimen was
subjected to a four-point loading in the form of a simple support beam using a universal
testing machine (UTM) with a capacity of 3000 kN, as shown in Figure 4. The load was
applied continuously at a rate of 0.05 mm/s by a displacement control method; the flexural
performance evaluation test was performed until the load decreased after the maximum load.
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The deflection of the specimen due to the applied loading was measured by installing
two LVDTs at the bottom of the center section between the applied loading points where
the maximum deformation occurs, as shown in Figure 4a.

Strain gauges were installed at the top of the concrete and prestressing tendon of the
test case between the points of loading and at a point 30 mm below the top; the strains
of the prestressed concrete tendon and concrete were measured using the compatibility
condition of the strain in the one-way slab.

4. Results and Discussion
4.1. Load–Displacement Relationship

The load–deflection relationship of the PS-HCS specimen is shown in Figure 4. The
load on the specimen was measured using a load cell attached to the UTM; the deflection
was measured using the displacement from the LVDT installed at the bottom of the center
of the specimen.

As shown in Figures 5 and 6, the flexural behavior of the non-synthetic topping and
synthetic topping specimens was linear until the initial flexural crack occurred. After the
flexural crack occurred, the flexural behavior was linear with the increasing load, but the
flexural stiffness was lower than that of the initial flexural crack, showing typical flexural
failure behavior. The experimental results of the PS-HCS specimens are shown in Table 5.
The initial flexural crack of the non-synthetic topping concrete specimen, FN, occurred at
an average of 176.7 kN with an average deflection of 10.9 mm. The maximum load was
320.6 kN on average, and the deflection was 110.8 mm.
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The RCF specimens reinforced with synthetic topping concrete on PS-HCS had an av-
erage initial flexural crack of 229.3 kN and a deflection of 7.0 mm. Compared to those of the
non-synthetic topping concrete specimen, those predicted by the cracking load and initial
stiffness increased due to the increase in the cross-sectional area with the thickness. The
maximum loads were about 1.4 times higher than those of the unreinforced FN specimens,
showing values of 451.4 kN, 453.8 kN, and 449.8 kN, respectively; the deflections at the
maximum load were 80.1 mm, 75.1 mm, and 78.4 mm, respectively.

Overall, all test specimens exhibited flexural performance that satisfied the nominal
flexural strength (Mn) of KDS 14 20 20, as shown in Figures 5 and 6.
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Table 5. Test results.

Specimens
Experimental Results

VCr
(kN)

VCr ave
(kN)

δCr
(mm)

δCr ave
(mm)

VPeak
(kN)

VPeak ave
(kN)

δPeak
(mm)

δPeak ave
(mm)

FN-1 177.0

179.2

11.4

10.9

322.7

323.8

120.0

107.4FN-2 176.3 10.4 318.5 101.5

FN-3 184.4 10.8 330.2 100.7

RCS-1 216.9

229.3

7.1

7.0

451.4

451.7

80.1

77.9RCS-2 241.4 7.0 453.8 75.1

RCS-3 229.7 7.0 449.8 78.4

4.2. Crack Pattern

The crack behavior of the PS-HCS specimen is shown in Figure 7. Flexural cracks
occurred in the tensile region between the tension points of the specimen at the beginning
of the prestressing; as the load increased, the cracks grew significantly into the compression
synthetic topping concrete and progressed to both ends of the test section. As shown
in Table 5, flexural cracks occurred at a high load capacity, with an average load in a
range from 176.7 kN to 242.1 kN due to the introduction of prestressing; after maximum
loading, the non-topping concrete specimen FN failed due to the concrete crushing of the
compression. For the composite specimens, the RCF cracks in the compression topping
concrete progressed only to the interface between the HCS member and the infill concrete.

4.3. Flexural Strength

The experimental flexural results and predicted flexural strength of the PS-HCS speci-
mens are shown in Table 6. Experimental moments were obtained using the load measured
by the load cell attached to the UTM; the ultimate flexural strength was expressed by
applying Equations (2) and (9) from the major structural design criteria of PS-HCS. In
addition, the deflection at the time of the flexural crack and the displacement at the time of
the ultimate load were measured by the LVDT attached to the bottom of the specimen.
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Comparing the experimental results of the load at the flexural crack to those predicted
by KDS 14 20 20, the FN specimens with non-synthetic topping sections showed an average
value of 179.2 kN; the ratio of this value in the experimental results to that in the analytical
results at cracking was 0.99 on average, as shown in Table 5. The experimental results of the
RCF specimens with a composite cross section showed an average maximum load value of
229.3 kN; the experimental results for the load at flexural cracking had an average of 0.83.

As shown in Table 6, for the FN specimen with a non-synthetic topping cross section,
the experimental results showed an average load value of 323.8 kN; the analytical result
value averaged 317.4 kN, indicating a ratio of 1.02. For the RCF specimen with a synthetic
topping section, the experimental result value was 451.7 kN, and the analytical result value
was 426.0 kN, showing an average ratio of 1.06.

Table 6. Test result and comparison of flexural strength.

Specimens
Experimental Results Analytical Results Exp./Ana.

VCr
(kN)

VPeak
(kN)

VCr
(kN)

VPeak
(kN) VCr VPeak

FN-1 177.0 322.7

181.3 317.4

0.98 1.02

FN-2 176.3 318.5 0.97 1.00

FN-3 184.4 330.2 1.02 1.04

RCS-1 216.9 451.4

277.9 426.0

0.78 1.06

RCS-2 241.4 453.8 0.87 1.07

RCS-3 229.7 449.8 0.83 1.06
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Regarding the flexural strength, regardless of the use of synthetic topping or non-synthetic
topping sections in the PS-HCS specimens, the flexural strength at the time of flexural cracking
is 0.78–1.02 on average, and the nominal flexural strength (Mn) is 1.00–1.07 on average, indi-
cating that the flexural strength of KDS 14 20 20 is satisfied in all specimens. In addition, the
experimental flexural cracking strength and ultimate strength are 1.81–1.97 times higher on
average, showing that the cracking moment of KDS 14 20 20 is at least 1.2 times higher than the
cracking moment required for flexural failure.
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4.4. Strain Distribution

Figure 8 shows the strain distributions at different load levels based on the maximum
load as a function of depth in the center section of the HCS. The strain distribution is
derived from the strain gauge values attached to the concrete, compression tendons, and
tension tendons on the y-axis. On the x-axis, positive strain values represent the tensile
strain of the tensile reinforcement, and negative strain values represent the compressive
strain of the concrete and tendons in the compression zone.
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For all specimens, strain distributions of the reinforcement and concrete exhibited
linear, uniform behavior until the tensile reinforcement yielded. The concrete compressive
strains at the time of maximum load for the experiments were −0.0027, −0.0024, −0.0023,
−0.0029, 0.0027, and −0.003, respectively, while the concrete failure strain did not reach
0.0033. As shown in Figure 8, the strain distributions of all specimens varied in the same
proportion as the strain of the tensile reinforcement up to the 50% level (0.5) of the ultimate
load, indicating the integrated behavior of the reinforced concrete and the member. Then,
from the 60% level (0.6) of the ultimate load, the strain distribution began to show a strain
distribution decrease below the strain of the tensile reinforcement. At ultimate load, all
specimens had a tendon strain greater than 0.1, confirming the experimental results.

5. Conclusions

In this study, the flexural performance of PS hollow concrete slabs (HCSs) produced
by extrusion molding was evaluated with or without synthetic topping concrete, and the
following conclusions were drawn:

(1) The evaluation of the flexural performance of PS hollow concrete slabs (HCSs) showed
that both composite and non-composite sections exhibited ductile flexural behavior up to the
ultimate load; the stiffness increased due to the influence of the reinforcing concrete.

(2) Regarding the flexural strength, regardless of the use of synthetic topping or non-
synthetic topping sections in the PS-HCS specimens, flexural strength at the time of flexural
cracking is 0.78–1.02 on average, and the nominal flexural strength (Mn) is 1.00–1.07 on average,
indicating that the flexural strength of KDS 14 20 20 is satisfied in all specimens. In addition,
the experimental flexural cracking strength and ultimate strength are 1.81–1.97 times higher on
average, showing that the cracking moment of KDS 14 20 20 is at least 1.2 times higher than the
cracking moment required for flexural failure.

(3) HCS showed ductile flexural behavior up to the maximum load, regardless of the section
height or the presence or absence of reinforced concrete; compared to HCS, the composite HCS
showed a significant increase in flexural stiffness due to the presence of reinforced concrete,
which tended to decrease with the increasing load while the deflection increased.

(4) The strain distributions of all specimens varied at the same rate as the strain of the
tensile reinforcement up to the 50% level of maximum load (0.5); then, from the 60% level
of maximum load (0.6), the strain distributions became lower than the strain of the tensile
reinforcement, confirming the consolidation behavior of reinforced concrete and HCS.
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Nomenclature
Mu Ultimate flexural strength of HCS
Mn Nominal flexural strength of HCS
Mcr Flexural crack strength of HCS
fr Flexural crack strength of concrete
fck Compressive strength of concrete
Sb Section modulus from the neutral axis to the bottom of the section
Pe Effective tension of tension material
a Depth of equivalent stress block
As Cross-sectional area of tension reinforcement
e Distance from the neutral axis of the section to the center of the tendon
fps Tensile strength of tension tendon
fpu Yield tensile strength of tension tendon
γp Coefficient according to the type of tendon
ρp Diameter of transverse bar between centers
rc Section secondary radius
ds Distance from the compression edge to the center of the tension bar cross section
dp Distance from the compressed edge to the center of the tension member
ω Steel index of tensile rebar
ω′ Steel index of compressed rebar
f y Yield strength of logitudinal rebar
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