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ABSTRACT

This study investigates the influence of reinforcing steel ductility, directly associated with carbon content,
on the flexural behavior of reinforced concrete beams. Three beam specimens with identical dimensions
(150 mm x 200 mm x 3300 mm) were tested under static loading, each reinforced with steel bars classified
as Low-Carbon Steel (LCS), Medium-Carbon Steel (MCS), or High-Carbon Steel (HCS). The
experimental program evaluated the load deflection response, load-strain behavior, and crack pattern of
each beam. The results show that variations in carbon content significantly affect the ductility and stiffness
of reinforced concrete beams. The beam reinforced with LCS exhibited the highest flexural ductility (p =
4.64), indicating superior plastic deformation capacity and greater energy absorption before failure. MCS
and HCS reinforcements produced lower ductility values of 2.84 and 2.19, respectively, corresponding to
higher stiffness and more limited deformation beyond yielding. Crack pattern observations confirmed that
all beams initially developed flexural cracks, which transitioned into flexure shear cracks at higher load
levels. Overall, reinforcing LCS substantially improves strain compatibility, flexural performance, and
energy dissipation capacity of reinforced concrete beams. These findings highlight the importance of
selecting highly ductile reinforcement to enhance structural safety and seismic resistance.

Keywords-reinforced concrete beam; ductility; reinforcing steel; carbon content; flexural behavior; crack
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I.  INTRODUCTION

The rapid development of infrastructure in Indonesia has
increased the demand for construction materials and structural
systems that provide not only adequate strength but also
sufficient ductility, particularly in earthquake-prone regions.
Ductile structural behavior is crucial to ensure that reinforced
concrete members can sustain large inelastic deformations and
effectively dissipate seismic energy without sudden brittle
failure. This requirement was clearly demonstrated during the
2018 Palu earthquake (Mw 7.4), which caused extensive
structural damage associated with strong ground motion,
liquefaction, and the limited deformation capacity of many
reinforced concrete components, especially beams and
columns. The mechanical properties and chemical composition

of reinforcing steel significantly influence the strength,
stiffness, and ductility of reinforced concrete structures.

Research into reinforcing bars commonly used in Indonesia
has shown that variations in carbon content, arising from
differences in raw materials and manufacturing processes,
result in significant differences in yield strength, tensile
strength, and elongation capacity among products from
different local producers [1, 2]. These findings indicate that
compliance with nominal standards alone is insufficient when
reinforcing steel is intended for seismic-resistant structures.
While higher-strength reinforcement may increase flexural
capacity, it can simultaneously reduce ductility, delay stable
plastic hinge formation, and limit energy dissipation under
severe seismic loading [3]. Conversely, reinforcement with
lower or moderate carbon content generally exhibits greater
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plastic deformation capacity, which contributes to preventing
brittle flexural failure and improving post-yield structural
performance. Insufficient ductility of reinforced concrete
members has been directly associated with severe structural
damage during past seismic events. The decrease in rebar
ductility is shown in Figure 1.

Fig. 1. Collapsed buildings observed after structural failure.

Despite these findings, either the mechanical properties of
reinforcing steel or the flexural behavior of reinforced concrete
beams have been examined independently. Experimental
investigations that directly correlate the ductility of reinforcing
steel, particularly associated with different carbon contents,
with the complete flexural response of reinforced concrete
beams, including post-peak behavior, displacement ductility,
energy dissipation, and failure mechanisms, remain limited [4].
This limitation is especially evident when reinforcing steels
produced and widely used in Indonesia. Moreover, most
previous research has focused on strength enhancement, while
the influence of steel ductility on post-peak performance and
seismic safety has received less attention. To address this gap,
the current study experimentally investigates the influence of
reinforcing steel ductility, associated with different carbon
contents, on the flexural behavior of reinforced concrete beams.
Three types of reinforcing steel, LCS, MCS, and HCS, are
systematically evaluated under identical test conditions. The
flexural response is assessed in terms of load—displacement
behavior, moment capacity, displacement ductility, energy
dissipation, and failure modes. The novelty of this study lies in
establishing a direct and systematic experimental relationship
between the ductility of reinforcing steel and the overall
flexural behavior of reinforced concrete beams. Particular
attention is given to post-peak behavior and deformation
capacity, rather than strength alone. The findings provide new
empirical evidence clarifying how variations in steel ductility
influence structural safety and seismic performance. These
results offer practical insights regarding the implementation of
performance-based seismic design of reinforced concrete
structures in Indonesia and other regions with similar seismic
conditions.

II. RESEARCH METHODOLOGY

A. Concrete Material

The concrete used in this study was ready-mix concrete
with an average compressive strength of 23.74 MPa at 28 days

of curing. This value falls within the typical range for normal-
strength concrete and satisfies the minimum compressive
strength requirements specified in [5].

TABLE 1. COMPRESSIVE STRENGTH AT 28 DAYS
Age of concrete | Section area .
(days) (mm?) Load (kN) | Compressive strength (MPa)
28 7850 187.770 23.92
28 7850 185.000 23.57
28 7850 186.385 23.75

B. Steel Material

The reinforcing steel specimens for the tensile test were
machined and prepared in accordance with the requirements
specified in [6]. The elongation percentage was calculated
using (1), and the results were evaluated against the minimum
elongation requirements defined in [7]:

Elongation (%) = == x 100% )

0
where L is the original gauge length (mm), and L, is the final
gauge length after fracture (mm). This behavior is
characterized by minimal necking and a smoother fracture
surface, indicating rapid failure with low ductility. The
complete tensile test results for the three types of steel are

presented in Table II.

TABLE II. RESULTS OF THE TENSILE TEST OF
REINFORCING STEEL
Strain (pg) Carbon

Specimens Ductilit;

P Yield Ultimate | percentage (%) Y
LCS 2226 117593 0.302 52.83
MCS 1990 63101 0.318 31.7
HCS 2415 113943 0411 26.06

The test results indicate that LCS steel exhibits the highest
ductility (u = 52.83) and the lowest carbon content (0.302%),
providing the greatest capacity for deformation and energy
absorption. MCS steel shows an intermediate ductility level (u
= 31.7; C = 0.318%), whereas HCS steel records the lowest
ductility (u = 26.06) and demonstrates the most brittle
mechanical response due to its higher carbon content (0.411%).
Accordingly, LCS steel is identified as the most ductile and
mechanically efficient among the three materials. An increase
in carbon content generally leads to higher strength and
hardness but reduces ductility, as the material becomes more
brittle and shows lower plastic deformation capacity [8].

C. Test Specimens

This study investigated three reinforced concrete beam
specimens, each measuring 150 mm x 200 mm x 3300 mm.
The beams differed only in the type of tensile reinforcement,
which was classified based on the tensile test results of the
reinforcing steel as LCS, MCS, and HCS. All specimens were
reinforced with D16 bars as tensile reinforcement, D10 bars as
compression reinforcement, and @8 stirrups as shear
reinforcement.
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Fig. 2. Design of the reinforced concrete beam specimen.
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Fig. 3. Layout of strain gauge placement on the test specimen.

The flexural test was performed at 28 days of curing using a
1500 kN static loading machine. The load was applied
incrementally at a displacement rate of 0.2 mm/s at the mid-
span. A 200 kN load cell measured the applied load, while
three LVDTSs were installed at the mid-span and below the two
loading points to monitor deflection. Strain, maximum stress,
and deformation data were automatically recorded through the
strain-gauge data acquisition system, as displayed in Figure 4.

Fig. 4.

Loading test.

D. Ductility

In this study, the displacement ductility ratio (uA) was used
to evaluate the ductility of reinforced concrete beams. The
displacement ductility ratio is defined as the ratio of the
ultimate displacement (Au) to the yield displacement (Ay). The
yield displacement (Ay) was defined as the displacement
corresponding to the yielding of the longitudinal reinforcement,
which was identified when the measured steel strain reached
the yield strain obtained from tensile testing of the reinforcing
bars. The ultimate displacement (Au) was defined as the
displacement corresponding to the point at which the applied
load decreased to 85% of the maximum load on the descending
branch of the load—displacement curve. These definitions and
determination methods were applied to all test specimens. This
definition of yield and ultimate displacement is consistent with
the general concept of structural ductility proposed in [10],
which emphasizes the ability of structural members to undergo
significant inelastic deformation beyond first yield while
maintaining a substantial portion of their load-carrying
capacity. The displacement ductility ratio was calculated using

(2) following procedures adopted in experimental research on
the cyclic behavior of reinforced concrete members [11]:

pA= = 2

where pA is the displacement ductility ratio, A, is the ultimate
displacement (mm), and A, is the yield displacement (mm).

In seismic structural design, ductility is evaluated using the
displacement ductility ratio (u), defined as the ratio of ultimate
displacement (Au) to yield displacement (Ay). This parameter
represents the inelastic deformation capacity of a structural
member and is widely employed in experimental seismic
studies and code-based performance evaluations [9, 10]. The
ductility capacity (p) is related to the seismic response
modification factor (R), which represents the ability of a
structural system to undergo inelastic deformation, dissipate
energy, and maintain load-carrying capacity during strong
ground motions [12]. Structural systems with higher ductility
generally permit larger R values, allowing the design seismic
forces to be reduced relative to the elastic demand levels. In
Indonesia, the assignment of the seismic response modification
factor follows the provisions in [13], which specifies R values
only for recognized seismic-force-resisting systems. For
systems outside these categories, additional analysis,
experimental evidence, or special detailing requirements may
be needed to justify the assumed ductility level and the
corresponding R value.

III. RESULTS AND DISCUSSION

A. Load-Deflection Relationship of Reinforced Concrete
Beams

Figure 5 illustrates the load—deflection behavior of all tested
beams. The first flexural cracks were observed at loading levels
of 7.9 kN LCS, 7.6 kN MCS, and 6.9 kN HCS. Yielding
occurred at loads of 41.98 kN, 51.11 kN, and 55.31 kN for the
LCS, MCS, and HCS beams, respectively, with corresponding
yield deflections of 15.39 mm, 20.18 mm, and 19.06 mm. After
yielding, all beams continued to sustain additional load until
reaching their ultimate capacities of 48.45 kN LCS, 56.18 kN
MCS, and 61.24 kN HCS, accompanied by maximum
deflections of 71.41 mm, 74.69 mm, and 41.73 mm,
respectively. Based on the ductility criteria for earthquake-
resistant structural components specified in [13], the beam
reinforced with LCS exhibited the highest ductility
performance, achieving a displacement ductility ratio of 4.64
and a stiffness value of 3.32. This result classifies the beam as a
highly ductile member capable of sustaining significant plastic
deformation before failure. In contrast, the MCS- and HCS-
reinforced beams demonstrated moderate ductility, with
displacement ductility ratios of 2.84 and 2.19, respectively,
placing them within the semi-ductile classification.

It has been reported that higher steel strength does not
necessarily enhance the seismic performance of reinforced
concrete members. Instead, lower-strength steel with greater
ductility is often preferable, as it promotes more uniform
plastic hinge development and improves the energy dissipation
capacity of the structural system [14, 15]. Moreover, the
mechanical characteristics of reinforcing steel, particularly its
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strength grade, rib geometry, and plastic deformation capacity,
significantly influence the bond interaction with concrete and
may govern failure mechanisms such as pull-out or splitting.
Authors in [16] reported that variations in rib pattern and steel
mechanical properties substantially affect bond strength,
thereby influencing the global deformation capacity of
reinforced concrete members. These findings are consistent
with the results of the present study, in which the beam
reinforced with LCS exhibited superior ductility performance
and a more uniform pattern of plastic deformation compared to
the MCS and HCS beams.

—— HCS

LOAD (kN)

DEFLECTION (mm)

Fig. 5. Load—deflection relationship of tested beams.

B. Load-Strain Relationship of Steel

Figure 6 illustrates the load—strain response of the tensile
reinforcing steel for all specimens. At the early stage of
loading, the steel bars exhibited linear-elastic behavior,
followed by yielding and subsequent strain hardening until
fracture. The LCS steel reached a yield strain of 2136 pe and
an ultimate strain of 6580 pe. The MCS steel exhibited a higher
yield strain of 2466 pe and an ultimate strain of 13721 pe,
while the HCS steel recorded a yield strain of 2532 pe and an
ultimate strain of 6957 pe. These results indicate that the
tensile strain capacity of the reinforcing steel varies with
carbon content and manufacturing characteristics. The tensile
strain response obtained from the steel tensile test represents
material ductility, which is evaluated in this study using the
ductility ratio (i = gu/ey), as reported in Table II, and therefore
differs from the absolute ultimate strain shown in Figure 6.
Consequently, reinforcing steel with a higher ultimate strain
does not necessarily exhibit a higher material ductility ratio if
its yield strain is also relatively high. Although the MCS steel
exhibited the highest ultimate strain in the tensile test, the beam
reinforced with LCS steel demonstrated the highest
displacement ductility in the load—deflection response. This
behavior is attributed to better strain compatibility between the
LCS reinforcement and the surrounding concrete, more stable
yielding behavior, and more effective plastic hinge
development. Structural ductility is therefore governed not only
by the mechanical properties of reinforcing steel, but also by
bond behavior, stress redistribution, and section detailing.
Consequently, the ductility of a reinforced concrete member
must be evaluated at the structural level rather than inferred
solely from steel tensile properties [17].

—a—LCS
—— MCS

—r— S

] 5000 10000 15000
STEEL STRAIN us

Fig. 6. Load-strain relationship of reinforcing steel.

C. Load-Strain Relationship of Concrete

Figure 7 presents the load—strain response of concrete for
all tested beams. The strain increased progressively up to the
peak load, followed by a rapid rise as cracking and crushing
developed in the compression zone. The LCS beam reached a
yield strain of 968 pe and an ultimate strain of 3354 pe.
Meanwhile, the MCS beam recorded a yield strain of 1317 pe
and an ultimate strain of 2771 pe, and the HCS beam exhibited
a yield strain of 1293 pe with an ultimate strain of 2628 pe.
These results indicate that the LCS beam possessed the highest
strain capacity, reflecting superior strain compatibility between
the concrete and the reinforcing steel. Such compatibility
enables larger compressive deformation before concrete
crushing, contributing to improved flexural ductility and
enhanced energy dissipation capacity. This observation aligns
with [18, 19], where it was reported that the interaction
between concrete and steel reinforcement, particularly strain
compatibility, plays a critical role in determining the ductility
and deformation capacity of reinforced concrete elements.

—e—LCS

LOAD (kN)

| CONCRETE STRAIN pe )
Fig. 7. Load-strain relationship of concrete.

D. Comparison of the Ductility of Reinforced Concrete Beams

Figure 8 presents the comparison of ductility values for all
tested beams with different carbon contents in the reinforcing
steel. The LCS beam achieved the highest ductility value of
4.64. This was followed by the MCS beam with a ductility
value of 2.84, while the HCS beam exhibited the lowest
ductility value of 2.19. These findings show that beams
reinforced with LCS possess a superior ability to undergo
plastic deformation before failure. Conversely, beams
reinforced with medium- and HCS demonstrated reduced
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ductility due to their higher strength but lower plastic
deformation capacity. This confirms an inverse relationship
between the carbon content of reinforcing steel and the
ductility of reinforced concrete members. An increase in
carbon content typically results in decreased ductile behavior
under flexural loading, as higher-carbon steels tend to exhibit
greater brittleness and limited elongation capacity [20, 21].

DUCTILITY

cs MCS HCS
NAME OF BEAM SPECIMEN

Fig. 8. Ductility comparison of tested beams.

E. Crack Pattern

1) LCS-Beam

During testing of the LCS beam, the first flexural crack
appeared at mid-span under a load of 7.53 kN. With increasing
load, the crack propagated vertically and subsequently
developed into inclined flexure—shear cracks at approximately
30°-45°, accompanied by compression zone spalling near
ultimate load. This crack evolution is characteristic of
reinforced concrete beams, where flexural cracks at the
maximum moment region progressively develop into combined
flexure—shear cracks as loading increases [22]. Similar crack
propagation and concrete crushing behavior reported in
previous studies confirm that the LCS beam exhibited a ductile
failure mechanism with gradual crack development and
significant deformation before failure [23].

)10 E— -

——NS
- Y
cs ' s
Fig. 9. Crack pattern of the LCS beam.
2) MCS-Beam

Figure 10 illustrates the crack pattern observed in the MCS
beam. The first crack appeared vertically at the tension zone
when the applied tensile stress exceeded the tensile strength of
the concrete. As the applied load increased, these cracks
extended upward, and additional cracks developed near the
loading point. The overall crack pattern was characterized as
flexure shear cracking, with the failure mode dominated by
flexural damage in the compression zone. The damage
progression from initial flexural cracking, subsequent crack

propagation, to crushing of the concrete in the compression
zone resulted in a reduction of stiffness and a significant
change in the deformation behavior of the beam. This sequence
of cracking and crushing is consistent with the nonlinear
structural response commonly reported in reinforced concrete
beams under flexural loading [24, 25].

Fig. 10.  Crack pattern of the MCS beam.

3) HCS-Beam

Figure 11 illustrates the crack development of the HCS
beam. Initial vertical cracks formed in the tensile region near
mid-span, where the bending moment was the highest. As the
load increased, these cracks propagated upward and widened
progressively. At the final loading stage, significant damage
developed in the compression zone, characterized by concrete
spalling and localized crushing above the tensile reinforcement.
The presence of vertical flexural cracks at mid-span, combined
with inclined flexure—shear cracks near the loading points,
indicates that the failure mechanism was predominantly
flexural. The localized crushing of the compression zone
suggests that the concrete at the top fibers exceeded its
compressive capacity, while the tensile reinforcement
approached or reached its yield strain.

bt s sl ApP RV AR « | M r1
LAl R L1 M '
= ! £ i 90 !

Fig. 11.  Crack pattern of HCS beam.

IV. CONCLUSIONS

The Medium-Carbon Steel (MCS) and High-Carbon Steel
(HCS) beams showed lower displacement ductility and more
localized damage compared to the Low-Carbon Steel (LCS)
beam. This behavior indicates that the failure modes are likely
influenced by the reduced ductility of the reinforcing steel,
which may restrict strain compatibility, plastic hinge formation,
and post-yield deformation capacity. However, the overall
failure behavior of reinforced concrete beams results from the
interaction between steel properties, concrete response, and
bond behavior.
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