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+e structural behavior of concrete beams containing recycled coarse aggregates (RCAs) was investigated in this study using
detailed experimental data. Twelve concrete beams were tested in the experimental program: nine beams with varying RCA
contents and three control beams with natural coarse aggregates (NCAs). +e parameters for investigating the structural behavior
of the RCA concrete beams under flexure were the RCA content (30%, 50%, and 100%) and tensile rebar ratio (0.50%, 0.79%, and
1.14%). +e crack pattern of the RCA beams was similar to that of the NCA beams; however, the RCA beams exhibited smaller
crack spacing than the NCA beams. +e flexural strength was slightly affected by the RCA content. However, the ductility of the
beam was not significantly influenced by the RCA content. A comparison of the experimental results and the calculations from the
ACI 318 and EC 2 provisions for the flexural strength showed that the current provisions conservatively predicted the flexural
strength of the RCA concrete beams.

1. Introduction

+e replacement of aging infrastructures and buildings results
in large quantities of construction waste, especially concrete
waste. Concrete waste generated from demolition work con-
tains many aggregates. Because aggregates occupy the majority
of the concrete volume, it is reasonable to investigate reusing
the aggregates from concrete waste to create new concrete
[1–3]. Recycled coarse aggregates (RCAs) have been used in
many laboratory experiments [4–6].

Due to the potential economic and environmental
benefits, interest in technology for processing waste concrete
and the use of RCAs is rapidly increasing [7, 8]. +e ad-
vantages of using RCAs include a reduction in the use of
natural coarse aggregate (NCA) resources and a decrease in
the amount of waste disposed in landfills, thereby dimin-
ishing environmental pollution.

Despite the high demand, RCAs are primarily used in
road bases and nonstructural concrete. Only a small

percentage of RCAs is used in structural concrete because
the quality of RCAs is less reliable than that of NCAs.
Comprehensive experimental research has been performed
to assess the properties of both NCA and RCA concrete at
the material level [9–14]. Several experimental studies have
investigated the flexural behavior of RCA concrete beams at
the structural level [15–21]; however, the results from these
studies are contradictory.

Seare-Paz et al. [15] studied the structural behavior of
concrete beams containing three different RCA contents:
20%, 50%, and 100%. +eir results showed that the moment
capacity of the RCA beams was similar to that of conven-
tional concrete beams. +ey also reported that the crack
pattern in the RCA beams was similar to that in conventional
concrete beams.

Sunayana and Barai [16] performed an experimental
study on concrete beams with 100% recycled aggregates at
three different rebar ratios. +eir results showed that the
moment capacity of the RCA and conventional concrete
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beams was similar at low rebar ratios. In addition, numerous
closely spaced cracks were present in the RCA beams.

To investigate the flexural behavior of semiprecast
T-beams, Fahmy and Idriss [17] performed bending tests on
three beams containing a combination of recycled fine ag-
gregates and RCAs and compared the results to those from
the NCA concrete beam. +eir test results showed that the
load capacity of the RCA beams was greater than that of the
control beam.

Kang et al. [18] tested RCA beams with 135× 270mm2

cross sections for both normal- and high-strength concrete.
+e RCA beams had RCA contents up to 30% for high-
strength concrete and up to 50% for normal-strength
concrete. +e test results showed that the RCA beams
sustained more cracks and exhibited less ductility than the
conventional concrete beams.

Arezoumandi et al. [19] tested eight beams, including
four RCA beams. +eir test results showed that the crack
spacing in the RCA beams was smaller than that in the
conventional concrete beams. Moreover, the RCA beams
exhibited a higher ultimate deflection than the conventional
concrete beams. However, the ultimate moments of the RCA
beams and the conventional concrete beams were similar.

Although several studies have investigated the flexural
performance of RCA concrete beams, the results are con-
flicting. In addition, there are few test results of large-scale
RCA beams with RCA contents up to 100%. +erefore, the
purpose of this study was to explore the structural behavior
of RCA concrete beams under flexure.

A total of twelve concrete beams were created and then
tested under four-point bending. Nine beams were con-
structed with RCA concrete, and three control beams were
constructed with NCA concrete. +e parameters in this
study were the RCA content (30%, 50%, and 100%) and
tensile rebar ratio (0.50%, 0.79%, and 1.14%). +e investi-
gation of structural behavior included the cracking pattern,
ductility, and ultimate flexural strength.

2. Research Significance

Extensive experimental studies of flexural characteristics are
scarce for RCA beams, especially for concrete beams with
RCA contents above 50%. +e use of RCAs is increasing as
worldwide environmental problems require more eco-
friendly solutions. +erefore, in this study, the character-
istics of the structural behavior, crack patterns, failure
patterns, ductility, and ultimate strength of concrete beams
with RCA contents ranging from 0 to 100% were investi-
gated under flexure. +e experimental data presented in this
study provide valuable information for understanding the
flexural strength and structural behavior of concrete beams
containing RCAs.

3. Material Properties

3.1. Materials and Mixture Properties. Two types of coarse
aggregates were used in this experimental setup, as shown in
Figure 1. +e RCAs used in this study were obtained from
the demolition of concrete structures, and accordingly, they

did not include ceramic. +e RCAs were produced by
crushing waste concrete to a maximum size of 13mm,
whereas the NCAs were produced by crushed stone to a
maximum diameter of 25mm.

NCAs with a maximum size of 25mm are commonly
used in Korea. +erefore, the 25mm NCAs were applied in
this study. +e RCAs were obtained by demolishing existing
aged concrete structures and crushing the concrete, which
reduced the size of the RCAs. In Korea, the maximum size of
RCAs is usually less than 18mm. +e effect of the coarse
aggregate size on the mechanical properties of RCA concrete
was investigated in the study by Meddah et al. [22]. +is
study showed that concrete mixtures with small RCAs
(3–15mm) had 1.8% higher compressive strength than the
concrete mixtures with large RCAs (15–25mm). +erefore,
the size effect of the RCAs on the strength of the RCA
concrete was not considered in this study.

Natural sand was used as the fine aggregates. +e
properties of the coarse aggregates, including the even-dry
density (or specific gravity), absorption, and maximum
diameter, are shown in Table 1. As expected, the RCAs had a
lower specific gravity and higher absorption than the NCAs.

+e mixture proportions for the test beams containing
RCAs and NCAs are given in Table 2. +e volume of NCAs
in the mixtures was replaced by RCAs at three different
replacement ratios: 30%, 50%, and 100%. +e concrete
mixtures had a target compressive strength of 35MPa.
Portland cement was used in the concrete mixture. +e
water-to-cement (w/c) ratio was 0.38. In addition, for this
experiment, a high-range water reducer (HRWR) was used
to control the workability of the concrete.

3.2. Mechanical Properties of theMaterials. +e compressive
strength of the concrete was obtained through compressive
testing of cylindrical specimens with diameters of 100mm
and heights of 200mm. When the test beams were fabri-
cated, cylindrical specimens were fabricated with each batch.

Two types of compression test shapes are normally used:
cubes and cylinders. Cylinders are the standard specimens
used in the United States [23] and Korea [24]. According to
KS F 2405 [24], the standard cylindrical specimen has di-
mensions of 100mm× 200mm or 150mm× 300mm, and
the diameter of the cylinders must be greater than three
times the maximum size of the coarse aggregates.

A cylinder with dimensions of 100mm× 200mm was
selected for this study because the maximum size of the
coarse aggregates used in this study was 25mm. To calculate
the compressive strength of a cylinder with a diameter of
150mm, a correction factor of 0.97 should be multiplied to
the compressive strength of a cylinder with a 100mm di-
ameter [25].

+e samples were loaded with a universal testing ma-
chine operating in displacement control mode. +e axial
deformations of the cylinders were measured accurately
from the initiation of loading through failure. +e load and
the output from the three linear variable displacement
transducers (LVDTs) were digitally recorded throughout the
tests.
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+e stress-strain curve of each batch of concrete was
obtained based on the load-displacement relationship
measured during the test, which was subsequently used to
compute the compressive strength and elastic modulus. +e
mean values of the compressive strength and the elastic
modulus of each concrete beam are listed in Table 3. +e test
results show that the compressive strength and elastic
modulus of the concrete decreased as the RCA content
increased. However, the decrease in the rupture modulus of
the concrete was not significant, when the RCA content
increased to 50%, whereas the decrease in the rupture
modulus became significant when the RCA content in-
creased to 100%.

In addition, although HRWR was used to ensure the
workability of the RCA concrete mixture, the real water-
cement ratio in each mixture might not be maintained due
to the high water absorption from the RCAs. Accordingly,
the mechanical properties of the RCA concrete may be
affected.

For each test beam, two D13 (nominal diame-
ter� 13mm), two D16 (nominal diameter� 16mm), or two
D19 (nominal diameter� 19mm) reinforcing bars were used
as tensile reinforcement. For each size, yield strength values
of 516.3MPa, 434.9MPa, and 517.5MPa were obtained from
the rebar tension test. In addition, the ultimate strains at the
peak stress for each rebar size were 0.0192, 0.0212, and
0.0136.

4. Test Program

4.1. Beam Specimen Design. Twelve concrete beams were
tested, the experimental parameters of which are listed in
Table 3. All beams had rectangular cross sections with widths
of 200mm and heights of 300mm.+e test parameters in the
experiment were the RCA content and tensile rebar ratio.
+ree RCA contents (30%, 50%, and 100%) and three tensile
reinforcement ratios (0.50%, 0.79%, and 1.14%) were
adopted in this study.

Table 1: Properties of the coarse aggregates.

Even-dry density
(g/cm3) SD (g/cm3) Absorption (%) SD (%) Fineness

modulus
Maximum diameter

(mm)
Recycled coarse
aggregate 2.49 0.13 2.95 0.37 6.36 13

Natural coarse aggregate 2.62 0.17 0.57 0.11 6.55 25
SD: standard deviation.

Table 2: Mix proportions for the test beams.

RCA content by volume (%)
Unit weight (kg/m3)

Water Cement Fine aggregate
Coarse aggregate

HRWR
Natural Recycled

R000 series 0 183 482 767 888 0 3.37
R030 series 30 183 482 767 622 253 3.62
R050 series 50 183 482 767 444 422 3.86
R100 series 100 183 482 767 0 844 4.82

(a) (b)

Figure 1: Coarse aggregates. (a) NCAs. (b) RCAs.
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+e test beams in Table 3 were named to indicate the
RCA content and tensile rebar ratios. +e three different
tensile reinforcement ratios, 0.50%, 0.79%, and 1.14%,
were denoted as S1, S2, and S3, respectively. For example,
R050-S2 indicates that the beam has an RCA content of
50% and a tensile rebar ratio of 0.79%. R000 series beams
are reference beams containing no RCAs. Four groups of
test beams with different RCA contents were studied, and
each group contained three beams with different rebar
ratios.

For all beams, transverse reinforcements were provided
to prevent shear failure. Stirrups with nominal diameters of
10mm (D10) were used for transverse reinforcement, but no
stirrups were used in the constant moment region to avoid
the confinement effect on the flexural behavior. Two top
rebars with a nominal diameter of 10mm were used to hold
the stirrups. +e test beam dimensions are shown in
Figure 2.

4.2. Fabrication of the Beam Specimens. Steel molds were
used to fabricate the beam specimens. After assembling the
forms, the rebar was arranged, and the rebar strain gauges
were installed in the midspan to measure the strain in the
tensile rebar at each loading step during the test.

After pouring, the concrete was compacted using vi-
bration. +e beam specimens were covered with both wet
burlap and plastic sheets upon completion of the concrete
casting. All beams and companion concrete cylinders were
moist-cured for seven days. +e beam specimens were then
demolded and air-cured until 28 days after the concrete was
poured.

4.3. Test Setup and Instrumentation. +e beams were tested
under simply supported four-point loading conditions, as
shown in Figure 3. +e total length of each test beam was
3.3m, and the simple supports were located 150mm from
each end of the beam; that is, the clear span length was 3.0m.
A steel spreader beam was installed between the test beam

specimen and the actuator to distribute the single point load
into two point loads. +e two loads were applied 300mm
from the midspan through the steel spreader beam.
+erefore, the shear span of each beam was 1.2m, and the
constant moment region was the center 0.6m of the beam.

+e instrumentation system shown in Figure 4 consisted
of LVDTs and electrical resistance strain gauges. Electrical
resistance strain gauges were used to measure the strain in
the concrete and the steel rebar. Five strain gauges were
located on the side surface of the beam in the midspan to
measure the strain at different heights. +ese strain gauges
were mounted on the surface of the rear side of the beam
specimen. +e length of the strain gauges mounted on the
concrete was 60mm. Individual gauges were used until their
readings became unreliable due to cracking in the under-
lying concrete. +ey were able to detect strain from small
crack openings at each location. However, the concrete
strain gauges became unreliable as the crack width increased.
+ree steel strain gauges were bonded to each tensile rebar in
the beam midspan. In addition, the LVDTs were placed in
the midspan and at the loading points to measure the beam
deflections.

+e load was applied to the beams using hydraulic jacks.
Each beam test was conducted at a crosshead displacement
rate of 1.5mm/min. +e test was performed until beam
failure. +e applied load, deflection, and strain in both the
concrete and the rebar, the development and propagation of
cracks, and the width of each crack were recorded until beam
failure.

4.4. Calculating the Ductility and Flexural Strength of the
Concrete Beams. +e ductility of a concrete structure can be
interpreted as a measure of the energy absorption capacity of
the structural member. In general, the ductility of a concrete
structure can be quantified via the ductility index, which can
be expressed in terms of the deflection ductility index [26].
Midspan deflection measurements are necessary only for the
deflection ductility index, and its measurement is relatively
easy.+e deflection ductility index, shown in (1), was used to

Table 3: Concrete properties and experimental parameters of the test beams.

Test
beam

Concrete properties Experiment parameters
Compressive

strength (MPa)
SD

(MPa)
Elastic

modulus (MPa)
SD

(MPa)
Rupture

modulus (MPa)
SD

(MPa)
RCA

content (%)
Tensile

rebar size
Rebar

ratio (%)
R000-S1

38.3 1.5 22,685 836 4.7 0.8 0
2×D13 0.50

R000-S2 2×D16 0.79
R000-S3 2×D19 1.14
R030-S1

35.6 0.5 21,890 431 4.6 1.1 30
2×D13 0.50

R030-S2 2×D16 0.79
R030-S3 2×D19 1.14
R050-S1

33.2 2.1 20,661 336 4.4 0.6 50
2×D13 0.50

R050-S2 2×D16 0.79
R050-S3 2×D19 1.14
R100-S1

31.7 0.9 18,915 501 3.9 0.7 100
2×D13 0.50

R100-S2 2×D16 0.79
R100-S3 2×D19 1.14
SD: standard deviation.
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examine the ductility characteristics of the members as
follows:

μ �
Δu

Δy

, (1)

where μ is the ductility index of the member, Δu is the
deflection of the member at the ultimate load, and Δy is the
deflection of the member at the yielding load. +e deflection
at the ultimate load corresponds to the peak point in the
load-deflection curve.

For the flexural strength of the concrete beams, the
experimental results were compared with the calcula-
tions from the ACI 318 flexural design provision [27],
EC 2 provision [28], and modified compression field
theory (MCFT) using the Response 2000 program
[29, 30]. +e ACI 318 flexural design provision [27] is as
follows:

Mn � Asfy d −
a

2
 ,

a �
Asfy

0.85fc
′b

,

(2)

where As is the area of the tensile rebar, fy is the
measured yield strength of the rebar, d is the effective
depth, a is the depth of an equivalent rectangular
compressive stress block, fc

′ is the concrete measured
compressive strength, and b is the width of a rectangular
beam.

+e EC 2 provision [28] for flexural capacity is as follows:

Mn � Tz � T · d −
a

2
 ,

T � Asfyd,

a �
Asfyd

ηfcdb
,

fcd �
αccfck

cc

,

fyd �
fy

cs

,

(3)

where T is the tensile force on the rebar, fyd is the design
yield strength of the rebar, fy is the measured yield strength
of the rebar, fcd is the design value of the concrete com-
pressive strength, fck is the measured concrete compressive
strength, cc is the partial safety factor for the concrete, cs is
the partial safety factor for the rebar, and αcc is a coefficient
(�0.85 in this study) that considers the long-term effects on
the compressive strength and the unfavorable effects
resulting from the way the load is applied.

To calculate the nominal flexural strength of the NCA
and RCA concrete beams as accurately as possible, cc and
cs are assumed to be 1.0. For the design of concrete
structures, the selected values of the partial safety factors,
cc and cs, are less than 1.0 to ensure the structural safety of
the concrete structures. However, these values are set to
1.0 in this study to predict the actual flexural strength of
the test beams.

+e Response 2000 program incorporating the MCFT is
a sectional analysis program that can calculate the strength
of a reinforced concrete cross section subjected to shear,
flexure, and axial loading [30].

5. Test Results and Discussion

5.1. Crack and Failure Patterns. Measurements of the crack
and failure patterns of the beams were performed. In ad-
dition, measurements of the propagation of the cracks were
performed at each loading step. At the initial cracking stage,
the RCA concrete beams exhibited a higher number of
cracks than the control beam, as shown in Figure 5. +is
phenomenon might occur because the interfacial transition
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D13, D16 or D19D10 8@150 B
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22
0

1,200 600 1,200 150

Figure 2: Test beam dimensions.

Figure 3: Test setup for the beam specimens.
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zone between the RCAs and paste was weaker than that
between the NCAs and paste. +e weak interfacial transition
zone in the RCA concrete was due to residual mortar on the
surface of the RCAs.

+e crack patterns of the S1 series beams in the service
loading stage are shown in Figure 6. +e load corresponding
to 60% of the rebar yield strength was considered a typical
service load. +e crack propagation of the RCA beams was
similar to that of the control beam. After the initial cracking
stage, new cracks occurred inside and outside the constant
bending zone in both NCA and RCA beams as the load
increased. +ese new and existing cracks propagated up to
the compressive zone until failure occurred in both types of
beams. However, the number of cracks in the RCA beams
was higher than that in the control beam.

In addition, the crack patterns at failure for the S1 series
beams are shown in Figure 7. +e overall crack patterns of
both NCA and RCA beams were similar to experimental
results reported in the study of Sera-Paz et al. [15]. +e RCA
beams generally sustainedmore cracks than the NCA beams.
Hence, the crack spacing was closer in the RCA beams than
in the NCA beams. According to the studies by Sunayana
and Barai [16] and Sturm et al. [31], the closer cracking

spacing in the RCA beams might be due to the effect of high
shrinkage in the RCA beams.

All test beams failed in flexure. +e test results indicate
that the tensile cracks occurred first, and then the tensile
rebar yielded, followed by concrete crushing, which is
usually referred to as tension failure. Cracks did not appear
at the beginning of the test, during which the load increased
linearly. +e first cracks occurred on the bottom face of the
beam between the loading points, where the beam was
subjected to pure bending.+e cracks propagated toward the
upper face. As the load increased after the initial cracking,
additional flexural cracks formed between the load and
supports. As the applied load was further increased, most of
the flexural cracks developed vertically, and subsequently,
inclined flexure-shear cracks began to appear.

+e relation of the load to the crack width for each beam
series is shown in Figure 8. For each beam series, the beams
had the same rebar ratio but different RCA contents. For
series S1, the crack widths of the RCA and NCA beams up to
the rebar yield point were similar. For series S2, the crack
widths of the RCA and NCA beams up to the rebar yield
point were similar except for beam R050-S2.+e crack width
of beam R05-S2 was slightly larger than that of the other

1,200 150

3,300

1,200300150 300

(Unit: mm)
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C2
C3

C4

C5

10 40

65

13
0

26
0Rebar
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200
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0

Rebar

P
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P
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Figure 4: Instrumentation system.
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(a)

(b)

(c)

(d)

Figure 5: Typical crack patterns at the initial cracking stage (P�Pcr) (S2 series beams). (a) Beam R000-S2. (b) Beam R030-S2. (c) Beam
R050-S2. (d) Beam R100-S2.

(a)

(b)

Figure 6: Continued.
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(c)

(d)

Figure 6: Typical crack patterns at the service load stage (P� 0.6Py, S1 series beams). (a) Beam R000-S1. (b) Beam R030-S1. (c) Beam
R050-S1. (d) Beam R100-S1.

(a)

(b)

(c)

(d)

Figure 7: Typical crack failure patterns (S1 series beams). (a) Beam R030-S1. (b) Beam R030-S1. (c) Beam R050-S1. (d) Beam R100-S1.
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beams. For series S3, the crack widths of the RCA and NCA
beams up to the rebar yield point were similar except for
beam R100-S3. +e crack width of beam R100-S3 was
slightly larger than that of the other beams.

Finally, the test results indicate that the number of cracks
in the RCA beams was greater than that in the NCA beams
and that the crack widths were similar in the RCA and NCA
beams.

5.2. Load-Deflection Relationship. +e load-deflection
curves of the beams, measured at each loading step by the
LVDTs installed in the midspan of the beams, are shown in
Figures 9 and 10. Table 4 shows the first cracking load, the
yield load, and the ultimate load for each specimen.

+e first cracking load is the value of the load at the end
of the initial linear zone in the load-deflection curve. +e
yield load is the load at which the rebar yielded, and the
ultimate load is the maximum load of the load-deflection
curve.

+e deflection of the beam up to the point of crack
initiation increased linearly and proportionally to the load.
After the initial cracking began, each beam specimen showed
nearly linear behavior until the tensile rebar yielded. From
the yield point of the rebar, each beam specimen exhibited
nonlinear behavior until failure.

+e test results showed that the initial cracking load of
the beam with 100% RCA content was lower than that of
the control beam. +e two lowest initial cracking loads
were found in beams R100-S2 and R100-S3. +is is likely
because the RCA concrete has lower tensile strength than
the NCA concrete. +ese test results are similar to those in
the study by Arezoumandi et al. [19], which investigated
the flexural behavior of RCA beams with an RCA content
of 100%. +e lower cracking load of the RCA beams was
related to the interfacial transition zones between the
RCAs and cement paste, which is weaker than that of the
NCA beams.

+e load-deflection curves for the control concrete beam
and RCA concrete beams (30%, 50%, and 100%) with the
same rebar ratio are shown in Figure 9. For series S1 and S2,
the RCA content affected the ultimate load. As an example,
the ultimate loads of beams R000-S2, R030-S2, R050-S2, and
R100-S2 were 91.5, 88.3, 82.2, and 81.0 kN, respectively. +is
indicates that the flexural ultimate strength decreased as the
RCA content increased.

However, for the S3 series, the effect of the RCA
content on the ultimate load was not significant. +e
tensile rebar ratios in the S3 series beams were higher than
those in the S1 and S2 series beams. +erefore, in terms of
the flexural strength, the S3 series beams may be con-
trolled more by the tensile rebar than by the concrete
strength.

+e slopes of the load-deflection curves of the RCA beams
were slightly less than those of the NCA beams. +is finding
indicates that the RCA content affected the stiffness of the
concrete beams, which could be attributed to the RCA beams
having a lower elastic modulus than the NCA beams. +is
could result from the decrease in bonding in the RCA beams.

+e interfacial bonding between RCAs andmortar is known to
be less substantial than that between NCAs and mortar [32].

To investigate the effects of the rebar ratio on the
flexural strength, the load-deflection curves for beams
with different rebar ratios are shown in Figure 10. As
expected, the ultimate flexural strength increased as the
rebar ratio increased. A comparison of the load-deflection
curves of the beams with an RCA content of 50% is shown
in Figure 10(c). +e results show that the ultimate flexural
strength values for beams with rebar ratios of 0.79%
(R050-S2) and 1.14% (R050-S3) were 43.8% and 107.6%
greater than that of a beam with a rebar ratio of 0.50%
(R050-S1), respectively. In addition, the flexural stiffness
of the beams after initial cracking increased as the rebar
ratio increased.

5.3. Ductility. +e ductility index for each beam is listed in
Table 4. +e ductility index ranged from 4.7 to 4.9 for
beams with a rebar ratio of 0.50% (S1 series). +e dif-
ference in the ductility index among the four beams in the
S1 series was not remarkable. +is result indicates that the
ductility index was not affected significantly by the RCA
content in the S1 series.

+e ductility index ranged from 6.3 to 7.0 for beams with
a rebar ratio of 0.79% (S2 series) and from 1.7 to 2.5 for
beams with a rebar ratio of 1.14% (S3 series). +is result also
indicates that the ductility index was not affected signifi-
cantly by the RCA content but was affected by the tensile
rebar ratio for the S2 and S3 series.

5.4. Bending Moment versus Curvature. Strain gauge mea-
surements were used to determine the curvature, and the
planar sections were assumed to remain planar. +e strain
profile for the height of the beam could be used to
compute the curvature of the cross section. Individual
gauge measurements were used until their readings be-
came unreliable due to cracking in the underlying con-
crete. +e applied bending moment is plotted against the
curvature in the midspan of the test beams in Figure 11.
+e curvature developed linearly up to approximately
0.17 ×10−5/mm, which corresponds to the initial cracking
load.

+e slopes of the bending moment-curvature curves
between the initial cracking state and the yield state are
less than they are between the origin and the initial
cracking state; however, the slopes remain nearly linear.
+e slope of the bending moment-curvature curve be-
tween the initial cracking state and the yield state is the
cracked stiffness.

For the S1 series, the cracked stiffness values of beams
R030-S1 and R050-S1 were lower than that of beam
R000-S1. For the S2 series, the cracked stiffness values of
beams R030-S2 and R050-S2 were lower than that of
beam R000-S2. For the S3 series, the cracked stiffness
values of beams R030-S3, R050-S3, and R100-S3 were
lower than that of beam R000-S3. +ese results indicate
that, overall, the stiffness of the RCA beams was lower
than that of the NCA beams. +is also corresponds to the
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fact that the slopes of the load-deflection curves of the
RCA beams were slightly lower than those of the NCA
beams.

5.5. Flexural Strength of RCA Concrete Beams. +e experi-
mental results and calculations for the nominal flexural
strength are plotted in Figure 12. +e measured flexural
strength values of both NCA and RCA beams were greater
than the nominal flexural strength values calculated by the
ACI 318 provision and EC 2 provision.

+e ACI 318 provision underestimated the experimental
flexural strength for both NCA and RCA concrete beams.
+e ratio of the experimental flexural strength to the cal-
culation from the ACI 318 provision ranged from 1.08 to
1.33 for the NCA concrete beams and from 1.09 to 1.30 for
the RCA concrete beams.

+e EC 2 provision also underestimated the experi-
mental flexural strength. +e calculation from the EC 2
provision is similar to that from the ACI 318 provision.

+e study by Arezoumandi et al. [19] also revealed that the
ACI 318 and EC2 provisions underestimated the flexural
capacity for RCA beams by 5% to 14%. Underestimating
the flexural strength of RCA beams might occur because
the tension stiffening effect was not considered when
predicting the flexural strength with the ACI and EC2
provisions. +erefore, the ratio of the experimental results
to the calculated results indicates that the current pro-
visions conservatively predicted the flexural strength of
the RCA concrete beams.

+e ratio of the experimental flexural strength to the
calculation from the MCFT ranged from 0.92 to 1.05 for
NCA beams and from 0.88 to 1.09 for RCA beams.
Overall, the MCFT method slightly overestimated the
experimental flexural strength. +is might be due to the
difference between the effect of tension stiffening incor-
porated in the program and that in the actual RCA
concrete beams. +e Response 2000 program considers
the effect of tension stiffening based on conventional
concrete.
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Figure 8: Load versus crack width. (a) S1 series beams (rebar ratio of 0.50%). (b) S2 series beams (rebar ratio of 0.79%). (c) S3 series beams
(rebar ratio of 1.14%).
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Figure 9: Effect of the RCA content on the load-deflection curves. (a) S1 series beams (rebar ratio of 0.50%). (b) S2 series beams (rebar ratio
of 0.79%). (c) S3 series beams (rebar ratio of 1.14%).
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Figure 10: Continued.
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Figure 10: Effect of the rebar ratio on the load-deflection curves. (a) R000 series beams (control concrete). (b) R030 series beams (RCA
content of 30%). (c) R050 series beams (RCA content of 50%). (d) R100 series beams (RCA content of 100%).

Table 4: Experimental values of the cracking, yield, and ultimate loads.

Beam specimen
Initial cracking Yield state Ultimate state Ductility index

Pcr (kN) Δcr (mm) Py (kN) Δy (mm) Pu (kN) Δu (mm) Δu/Δy

R000-S1 13.4 1.90 52.5 14.9 66.3 90.3 4.7
R000-S2 13.0 1.50 68.0 13.8 91.5 96.8 6.4
R000-S3 7.2 0.80 112.4 19.0 121.5 46.0 2.4
R030-S1 14.7 1.10 53.9 14.5 65.2 86.3 4.7
R030-S2 16.1 1.84 68.5 13.1 88.3 92.2 7.0
R030-S3 15.3 1.63 115.9 20.0 123.7 34.9 1.7
R050-S1 10.0 1.12 48.7 14.5 57.1 70.9 4.9
R050-S2 8.9 1.13 61.6 14.7 82.2 93.5 6.3
R050-S3 11.9 1.18 110.2 19.8 124.3 50.3 2.5
R100-S1 11.9 1.39 54.7 15.2 67.9 73.3 4.8
R100-S2 5.0 0.60 61.9 12.9 81.0 84.7 6.6
R100-S3 5.9 0.50 110.9 21.5 120.4 41.2 1.9
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Figure 11: Continued.
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Figure 11: Bending moment versus curvature. (a) Beams with a rebar ratio of 0.50%. (b) Beams with a rebar ratio of 0.79%. (c) Beams with a
rebar ratio of 1.14%.

0

10

20

30

40

50

60

70

80

90

100

M
u,

te
st 

(k
N

·m
)

Mn,ACI 318 (kN·m)
0 10 20 30 40 50 60 70 80 90 100

(a)

M
u,

te
st 

(k
N

·m
)

0

10

20

30

40

50

60

70

80

90

100

Mn,EC2 (kN·m)
0 10 20 30 40 50 60 70 80 90 100

(b)

M
u,

te
st 

(k
N

·m
)

0

10

20

30

40

50

60

70

80

90

100

0 10 20 30 40 50 60 70 80 90 100
Mn,MCFT (kN·m)

(c)

Figure 12: Comparison of flexural strength values. (a) ACI 318 provision. (b) EC 2 provision. (c) MCFT method.
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6. Conclusions

+is paper presents an experimental study on the flexural
characteristics of concrete beams containing RCA contents
up to 100%. +e following conclusions are drawn from the
test results:

(1) +e test results showed that the number of cracks in
the RCA beams was higher than that in the control
beams.+erefore, the cracking pattern indicated that
the RCA beams generally had closer crack spacing
than the NCA beams. +e closer cracking spacing in
the RCA beams might be due to the effect of high
shrinkage in the RCA beams.

(2) +e overall flexural strength was affected by the RCA
content. For beams with low rebar ratios of 0.50%
and 0.79%, the flexural strength values of the RCA
beams significantly decreased as the RCA content
increased. In contrast, for beams with a high rebar
ratio of 1.14%, the effect of the RCA contents on the
flexural strength of the RCA beams was not
significant.

(3) +e ductility index was not significantly affected by
the RCA content. +e ductility of the RCA beams
decreased slightly as the RCA content increased.
Meanwhile, the ductility of the RCA beams de-
creased significantly as the rebar ratio increased.

(4) A comparison of the experimental flexural results
with the calculated flexural results from the ACI 318
and EC 2 provisions indicated that the calculations
underestimated the experimental results. +is means
that the prediction of flexural strength of the RCA
members using the current provisions was
conservative.
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