‘W) Check for updates

Received: 12 May 2026 Revised: 5 June 2026 Accepted: 11 June 2026

DOI: 10.1002/suco.70697

ﬁb WILEY

ARTICLE

Flexural performance and design assessment of sustainable

crumb rubber concrete beams reinforced with basalt-

FRP bars

Yahia M. S. Alit%*?

'Key Laboratory of C & PC Structures
Ministry of Education, Southeast
University, Nanjing, China

*National and Local Unified Engineering
Research Center for Basalt Fiber
Production and Application Technology,
International Institute for Urban Systems
Engineering, Southeast University,
Nanjing, China

*Department of Civil Engineering, Faculty
of Engineering, Assiut University, Assiut,
Egypt

“4School of Civil, Mining, and
Environmental Engineering, University of
Wollongong, Wollongong, New South
Wales, Australia

Correspondence

Yahia M. S. Ali, Key Laboratory of C & PC
Structures Ministry of Education,
Southeast University, Nanjing 211189,
China.

Email: yahiaali@seu.edu.cn

Funding information

The International Science & Technology
Cooperation Program of China,
Grant/Award Number: 2024YFE0198400;
National Natural Science Foundation of
China, Grant/Award Number: 52278244,
Fundamental Research Funds for the
Central Universities, Grant/Award
Number: 2242024 k30039, 2242024 k30050

| Xin Wang'? |

Zhishen Wu'? | Essam Jnead*

Abstract

Crumb rubber concrete (CRC) offers an environmentally sustainable solution
for recycling waste tires through their use as a partial replacement for natural
aggregates. However, limited research has investigated the structural behavior
of CRC beams reinforced with basalt fiber-reinforced polymer (BFRP) bars.
This study experimentally evaluates the flexural performance of CRC beams
reinforced with BFRP bars under four-point bending. Fifteen reinforced con-
crete beams were tested to investigate the effects of crumb rubber
(CR) replacement ratio (0%-20%), rubber particle size (5 mm and No. 20), rein-
forcement type (steel and BFRP), and BFRP reinforcement ratio on cracking
behavior, stiffness, load-carrying capacity, and failure mode. The results
showed that increasing CR content reduced concrete density, compressive
strength, flexural strength, cracking load, stiffness, and ultimate load, with the
reduction becoming more pronounced when finer rubber particles were used.
CRC beams exhibited more distributed cracking patterns and greater deforma-
tion capacity than conventional concrete beams. Regardless of concrete type,
BFRP-reinforced beams developed significantly higher ultimate loads than
steel-reinforced beams due to the superior tensile strength of BFRP bars.
Increasing the BFRP reinforcement ratio improved cracking resistance, post-
cracking stiffness, and ultimate flexural capacity. Among the investigated mix-
tures, CRC containing 5% replacement of 5 mm CR exhibited the most favor-
able balance between sustainability and structural performance. Analytical
predictions based on ACI 440.1R, CSA S806, AASHTO LRFD, Gb 50608, JSCE,
SP295, and Eurocode-based formulations showed reasonable agreement with
the experimental results. The findings demonstrate the feasibility of utilizing
BFRP-reinforced CRC members as sustainable, lightweight, and corrosion-

resistant structural elements for future infrastructure applications.
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1 | INTRODUCTION

The disposal of scrap tires has become a significant
environmental challenge due to the massive volume of
waste generated by vehicular use. Millions of end-
of-life tires are discarded in landfills each year, where
their non-biodegradable nature fosters pest and mos-
quito proliferation."”? To mitigate these issues, modern
recycling methods must be adopted to reduce landfill
dependence without causing ecological harm.> One
promising approach is the partial replacement of min-
eral aggregates in concrete with recycled rubber, pro-
ducing crumb rubber concrete (CRC).*® This method
not only conserves natural resources by reducing
aggregate demand but also decreases the volume of
rubber waste entering landfills.””® Extensive research
on CRC has consistently demonstrated that partial
replacement of conventional aggregates with rubber
particles leads to reductions in compressive strength,
tensile strength, and modulus of elasticity compared to
conventional concrete.””® This reduction is primarily
attributed to the poor adhesion between rubber parti-
cles and the cement matrix."* ' Despite these limita-
tions, CRC offers distinct advantages over conventional
concrete, including lower unit weight due to the
reduced density of rubber compared to fine aggregates
and enhanced energy absorption capacity.'” Moreover,
a significant improvement was demonstrated in ductil-
ity, toughness, impact resistance, energy dissipation,
and damping ratio.'”’”** Many studies have demon-
strated that CRC can achieve compressive strengths of
30-45 MPa, making it viable for structural use.'>**?*
Recent studies have further emphasized the impor-
tance of sustainable and modified cementitious com-
posites, including rubber/PET-modified concrete, fiber-
reinforced concrete-filled steel tubes, nylon aggregate
concrete, geopolymer concrete, and data-driven predic-
tion models for concrete properties, demonstrating the
growing interest in improving the mechanical, ther-
mal, and durability performance of advanced concrete
materials.*> %’

To facilitate the adoption of CRC in structural ele-
ments such as beams and columns, a thorough under-
standing of its behavior under structural loads is
essential. While limited studies exist on reinforced
CRC beams, some findings indicate improved cracking
resistance compared to conventional concrete.*’
Another study evaluated the flexural and shear capac-
ity of reinforced CRC beams and suggested that exist-
ing design guidelines and shear models can predict
shear capacity.’’ However, this study was limited to a
single CRC mix, leaving the effect of rubber content on
shear behavior unexplored. Previous research on

rubberized concrete has primarily focused on material
properties, with limited studies examining its struc-
tural behavior.>>"*’ Son et al.>* experimentally investi-
gated the influence of waste tire rubber as a partial
replacement of natural aggregate on the mechanical
and flexural behavior of reinforced concrete members.
Their study evaluated different rubber replacement
ratios and examined the resulting changes in compres-
sive strength, stiffness, cracking behavior, and load-
carrying capacity. The results indicated that incorpo-
rating waste tire rubber generally reduced concrete
strength and stiffness due to the lower rigidity and
weaker interfacial bonding of rubber particles com-
pared with conventional aggregates. However, the
rubberized concrete specimens exhibited enhanced
deformability, improved energy absorption capacity,
and more distributed cracking patterns, demonstrating
the potential of waste tire rubber for developing sus-
tainable and ductile concrete composites. Ganesan
et al.** studied rubberized beam-column joints under
monotonic and cyclic loads, replacing 15% of fine
aggregate volume with shredded rubber. The results
revealed improved energy dissipation, ultimate deflec-
tion, and ductility but noted a reduction in load-
bearing capacity. Al-Tayeb et al.*® tested rubberized
beams using 1.0 mm rubber with 5%-20% sand replace-
ment. It was found that the bending capacity declined
with higher rubber content.

Fiber-reinforced polymer (FRP) bars have gained
prominence as a corrosion-resistant alternative to tradi-
tional steel reinforcement, addressing the costly mainte-
nance issues associated with steel corrosion in reinforced
concrete structures.”® FRP reinforcements offer several
distinct advantages, including a high strength-to-weight
ratio, linear elastic behavior until failure, and superior
tensile strength, though their lower elastic modulus
results in reduced stiffness compared to steel-reinforced
concrete (RC) beams.*> The most commonly used FRP
types—carbon-FRP (CFRP), glass-FRP (GFRP), and
aramid-FRP (AFRP)—have been extensively studied
and incorporated into design codes such as ACI 440.1R,*
and CSA S806.7 Recently, Basalt-FRP (BFRP) has
emerged as a high-performance and sustainable alterna-
tive to conventional steel reinforcement, offering distinct
advantages in both economic and structural perfor-
mance.>® Derived from molten basalt rock, BFRP exhibits
higher tensile strength than steel while being 90% lighter,
offering an exceptional strength-to-weight ratio.***°
However, BFRP-RC beams demonstrated higher ultimate
load-carrying capacity and enhanced corrosion resistance
compared with steel-RC beams; nevertheless, they exhib-
ited lower ductility and wider crack widths due to the
linear-elastic behavior and lower elastic modulus of
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FIGURE 1 Crumb rubber
(CR) aggregate: (a) CR 5 mm;
(b) CR No. 20.

(a)

BFRP bars.*! Ali et al.** experimentally investigated the
bond-slip behavior and failure mechanisms of BFRP bars
embedded in CRC, focusing on the effects of rubber con-
tent, particle size, bar diameter, and surface treatment.
The results demonstrated that a small rubber replace-
ment ratio (5% with 5 mm particles) can enhance both
compressive and bond strength, while higher rubber con-
tents and finer particles significantly deteriorate mechan-
ical and bond performance due to weak interfacial
bonding. Among the reinforcement types, helically
wounded BFRP bars exhibited the best bond perfor-
mance, outperforming both sand-coated and wrapped
bars, due to superior mechanical interlock. The bond-slip
response of CRC was found to be similar to that of nor-
mal concrete, indicating its structural feasibility,
although BFRP bars showed greater slip and more ductile
behavior compared to steel.

Although several previous studies have investigated
the mechanical properties of CRC and the structural per-
formance of FRP-RC members independently, limited
research has addressed the combined behavior of CRC
beams reinforced with BFRP bars under flexural loading.
In particular, the influence of CR particle size, replace-
ment ratio, and BFRP reinforcement ratio on cracking
behavior, stiffness degradation, ductility, strain response,
and load-carrying capacity has not been comprehensively
evaluated. Furthermore, the applicability of existing
international FRP design provisions for predicting the
flexural behavior of BFRP-reinforced CRC beams
remains insufficiently understood. Therefore, the present
study aims to experimentally investigate the flexural per-
formance of CRC beams reinforced with BFRP bars
under four-point bending. The effects of reinforcement
type, reinforcement ratio, CR content, and rubber particle
size are systematically examined. In addition, the experi-
mental results are compared with several international
design approaches to assess the accuracy and applicabil-
ity of current FRP design provisions for sustainable CRC
structural members. The outcomes of this study contrib-
ute to the development of environmentally sustainable
and corrosion-resistant concrete structural systems.

(b)

2 | EXPERIMENTAL PROGRAM

2.1 | Materials

This study utilized a normal concrete mix composed of
ordinary Portland cement (OPC) with a specific gravity
of 3.15, crushed stone as a coarse aggregate (maximum
size 15 mm, specific gravity 2.67), and sand as a natural
fine aggregate (fineness modulus of 2.51, specific gravity
2.62). In addition, two distinct sizes of CR aggregates:
5mm (CR 5 mm) and No. 20 (CR No. 20) (which has a
maximum nominal size of 0.825 mm), were used as
a substitute for the natural fine aggregate, as shown in
Figure 1. The specific gravity of CR 5mm and CR
No. 20 was 1.21 and 1.02, respectively.

A sieve analysis test was performed according to
ASTM C136* to determine the particle size distribution
of both the mineral aggregates and CR particles, as
shown in Figure 2. Moreover, the grading limits specified
in ASTM C33 for conventional aggregates and ASTM
C330 for lightweight aggregates are also included for
comparison purposes. As shown in Figure 2a,b, the grad-
ing curves of the natural aggregates generally follow the
ASTM C33 grading envelopes and fall within or near
the specified limits. Since CR (Figure 2c) is a recycled
lightweight material rather than a conventional mineral
aggregate, these specifications are used only as reference
grading envelopes and are not intended as acceptance cri-
teria for the CR particles employed in this study.

2.2 | Concrete mix

The concrete mixtures were proportioned in accordance
with the ACI 211.1 standard method for selecting propor-
tions for normal-weight concrete mixtures.** The incor-
poration of CR as a partial volumetric replacement of
fine aggregate was subsequently implemented while
maintaining the target water-to-cement ratio and work-
ability requirements. Three groups of concrete mixes
were prepared, as listed in Table 1. The first group
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FIGURE 2 Practical size distribution curves of the used
aggregates: (a) Natural fine aggregate (Sand); (b) Crushed stone
aggregate; (c) Crumb rubber (CR) aggregate.

(Control) consisted of one mix with natural fine aggre-
gate (sand). In the second (CR 5 mm) and third (CR No.
20) groups, the natural aggregate was replaced with a CR
aggregate, either 5 mm or No. 20 particle size, respec-
tively, as a partial replacement for fine aggregate at 5%,
10%, 15%, and 20% by volume. The concrete mixes were
labeled as follows: the first letters specify the concrete
type (natural concrete [N], CRC [C]), the next digit indi-
cates the rubber particle size (no replacement [0], 5 mm
[5], and No. 20 particle size [No. 20]), and the last num-
ber represents substitution level (0%, 5%, 10%, 15%, and
20%), as presented in Table 1. For example, the specimen
N-0-0 refers to natural aggregate concrete without CR
aggregate, and C-5-15 denotes CRC containing 5 mm
rubber particles with 15% rubber content.

2.3 | Reinforcement

Deformed steel bars and BFRP bars were used in this
study, as shown in Figure 3. The BFRP bars were manu-
factured via automated pultrusion using a composite mix-
ture of 70% basalt fibers and 30% vinyl ester resin by
volume. Two BFRP bar diameters, 12 and 16 mm, were
considered for tensile reinforcement. However, 8- and
12-mm steel bar diameters were adopted for stirrups
and tensile reinforcement, respectively. The axial tensile
tests of the steel bars were conducted according to ASTM
A370,* whereas the tensile properties of the BFRP bars
were determined following ASTM D7205/D7205M,*° and
the average results were summarized in Table 2. The
stress—strain relationships of the steel and BFRP rein-
forcement bars obtained from the axial tensile tests are
presented in Figure 4.

24 | Tested beams

Fifteen reinforced concrete beams were designed and
constructed with dimensions of 150 x 250 x 1850 mm,
as shown in Figure 5. The steel-RC beams were designed
with 2012 steel bars (reinforcement configurations type
1) as an under-reinforced section (p;<p,;,) using
Equations la and 1b to fail by steel yielding and then
concrete crushing. However, two different reinforcement
configurations were proposed for the BFRP-RC beams;
type 1: 2012 and type 2: 3d16 as an over-reinforced
section (py > pyp) using Equations 2a and 2b, and would
fail due to crushing of the concrete in the compression
zone without BFRP rupture. The clear concrete cover
was 30mm with a clear spacing. Shear reinforcement
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TABLE 1 Concrete mix proportions.
Fine aggregate (kg/m>)
Cement Crumb Crumb Coarse aggregate Water
Group Specimen (kg/m®) Sand rubber 5 mm rubber No. 20 (kg/m>) (kg/m>)
Control N-0-0 400 567 - - 1261 168
CR 5 mm C-5-05 400 547 29 - 1261 168
C-5-10 400 491 55 = 1261 168
C-5-15 400 440 78 - 1261 168
C-5-20 400 395 99 = 1261 168
CR No. 20 C-No.20-05 400 536 - 28 1261 168
C-No.20-10 400 473 - 53 1261 168
C-No.20-15 400 417 - 74 1261 168
C-No.20-20 400 369 - 92 1261 168

BFRP bar D=12mm

=2 3 4 5 6 T°8 9

FIGURE 3 Reinforcement bars.

comprised 8mm diameter steel stirrups spaced at
125 mm, supplemented by two 10 mm diameter steel bars
in the compression zone for construction stability, as
shown in Figure 5.

A
Ps= E; (1a)
!
Pob = a1 — N with steel bars (1b)
’ fy Ecu T &y
Ag
Pt =54 (2a)
Prp = alﬂlf—cl ‘e with BERP bars (2b)
’ ffu Ecu T &
a1 =0.85 ACI440.1R — 15 (3a)

0.05(f. —27.6)

B, =0.85— ACI440.1R — 15 (3b)

a1 =0.97 —0.0025f. >0.67 CSAS806 — 12 (4a)
= 0.85—0.0015f, > 0.67 CSA S806 — 12 (4b)

where p, and p; are the steel and BFRP reinforcement
ratios, respectively, As and Ar are the areas of steel and
BFRP bars, respectively (mmz), b is the beam width
(mm), ds and dr are the effective depths of steel and
BFRP bars, respectively, (mm), ¢ is the ratio of the aver-
age stress of the equivalent rectangular stress block to the
cylinder compressive strength of concrete, f; is the ratio
of equivalent rectangular stress block to the depth of the
neutral axis, f.' is the cylinder concrete compressive
strength, fy is the yield stress of the steel bars, ¢, is the
ultimate concrete strain in the compression zone, &y is
the yield strain of the steel bars, and fy;, and ey, are the
ultimate stress and strain of the BFRP bars,
respectively.>**’

The experimental program consisted of three groups;
the first group (Control) contains the beams cast with
natural aggregate concrete served as a reference group;
however, the second and third groups (CR 5 mm) and
(CR No. 20) were CRC cast using CRC of 5mm
and No. 20 particle size, respectively, with different
replacement ratios at 5%, 10%, 15%, and 20% by volume.
The key parameters were concrete type, reinforcement
type and ratio, rubber particle size, and replacement
ratio. The tested beams were labeled as follows: the first
letter specifies the concrete type (natural concrete [N],
CRC [C]), the next letter indicates the reinforcement type
(steel bars [S], BFRP bars [F]), the next number refers to
the reinforcement configuration (type 1 [1], type 2 [2]),
the following digit represents the rubber particle size
(5 mm [5], No. 20 particle size [No. 20]), and the last
number represents substitution level (5%, 10%, 15%, and
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6 | ﬁ b ALI ET AL.
TABLE 2 Mechanical properties of reinforcement bars.
Elastic modulus, Yield strength, Yield strain, Tensile strength, Ultimate
Bar type D (mm) E (GPa) Sy (MPa) &y (%) f. (MPa) strain, &, (%)
BFRP 10 54 - - 1322 2.46
12 54 - - 1301 2.43
16 54 - - 1267 2.35
Steel 8 200 481 0.24 604 5.24
12 200 425 0.21 632 3.30

Abbreviation: BFRP, basalt fiber-reinforced polymer.

1400
1200 -
1000
£
S 800 -
2 600 -
=
n
400 A
——BFRP bar 12 mm
200 A ——BFRP bar 16 mm
——Steel bar 12 mm
0 T T T
0 1 2 3 4

Strain (%)

FIGURE 4 Stress-strain curves of basalt fiber-reinforced
polymer (BFRP) and steel bars.

20%), as presented in Table 3. For instance, beam
NS1-0-0 refers to a natural aggregate concrete beam with-
out CR aggregate reinforced with 2d12 steel bars; how-
ever, CF2-5-15 denotes a CRC beam cast with 5 mm
rubber particles with 15% rubber content and reinforced
with 3016 BFRP bars.

2.5 | Specimen preparation and casting
procedure

All concrete mixtures were prepared using a rotary drum
concrete mixer. Initially, the coarse aggregate, fine aggre-
gate, and cement were dry-mixed to achieve a uniform
distribution of the constituent materials. Subsequently,
CR particles were gradually introduced as a partial volu-
metric replacement of fine aggregate, followed by the
addition of water during continuous mixing to ensure
adequate dispersion of the rubber particles within the
concrete matrix. The mixing process was continued until
a homogeneous mixture was obtained. Following mixing,
the concrete was placed into the beam molds in succes-
sive layers and compacted using a mechanical vibrator to
minimize entrapped air and ensure proper consolidation.
The reinforcement cages and instrumentation locations

were carefully fixed before casting to maintain the
required concrete cover and reinforcement alignment.
After casting, the specimens were covered with plastic
sheets to minimize moisture loss and were demolded
after 24 h. Subsequently, all specimens were cured under
laboratory conditions in accordance with standard con-
crete curing practices until the testing age of 28 days.

2.6 | Testsetup and instrumentation

The four-point bending tests were conducted on the beam
specimens using a 2000 kN servo-hydraulic actuator with a
stroke-controlled displacement rate of 0.6 mm/min, as illus-
trated in Figure 6. A steel spreader beam ensured uniform
load distribution across the pure bending zone between
loading points. During testing, the loading process was sys-
tematically paused at each 10 kN increment to allow precise
measurement of maximum crack widths with a digital
crack width tester. Deflection measurements were obtained
through three Linear Variable Differential Transformers
(LVDTs) positioned at mid-span and loading points. Rein-
forcement strain gauges were installed before casting, in
addition to five concrete strain gauges that were arranged
vertically along the mid-span cross-section. A computerized
multi-channel data acquisition system was utilized for
recording the measurements from the LVDTs and strain
gauges. Additionally, crack width measurements were
obtained using a handheld digital readout microscope with
an accuracy of +0.01 mm, allowing for meticulous tracking
of crack propagation during loading pauses.

3 | TEST RESULTS AND
DISCUSSION

3.1 | Fresh properties of the
concrete mixes

Workability was assessed using the slump test in accor-
dance with ASTM C143*7 and the results for the
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FIGURE 5 Geometrical details and reinforcement configurations of the tested beams (Dimensions in mm).

TABLE 3 Reinforcement details of the beam specimens.
Reinforcement Reinforcement Balanced reinforcement

Group Beam bars ratio, p % ratio, pg}, or pgy, % Section type

Control NS1-0-0 2012 0.73 3.67 Under-reinforced
NF1-0-0 2012 0.73 0.22 Over-reinforced
NF2-0-0 3P16 1.97 0.24 Over-reinforced

CR 5 mm CS1-5-05 2012 0.73 3.67 Under-reinforced
CF1-5-05 2912 0.73 0.22 Over-reinforced
CF2-5-05 3d16 1.97 0.24 Over-reinforced
CF1-5-10 2912 0.73 0.22 Over-reinforced
CF1-5-15 2012 0.73 0.22 Over-reinforced
CF1-5-20 2012 0.73 0.22 Over-reinforced

CR No. 20 CS1-No.20-05 2912 0.73 3.67 Under-reinforced
CF1-No.20-05 2012 0.73 0.22 Over-reinforced
CF2-No.20-05 3916 1.97 0.24 Over-reinforced
CF1-No.20-10 2012 0.73 0.22 Over-reinforced
CF1-No.20-15 2912 0.73 0.22 Over-reinforced
CF1-No.20-20 2012 0.73 0.22 Over-reinforced

different concrete mixtures are summarized in Table 4.
The target slump range for the designed concrete mix
was selected between 30 and 50 mm. It was observed
that the inclusion of CR consistently reduced the
slump of CRC. In addition, a noticeable decrease in
slump occurred as CR content increased, with a more
pronounced reduction observed for the smaller rubber

particles (No. 20), as illustrated in Figure 7. Specifi-
cally, raising the CR content from 5% to 20% resulted
in slump reductions of approximately 4%-19% for
5 mm particles and 8%-25% for No. 20 particles. This
reduction in slump can be attributed to several factors:
(1) the irregular and non-uniform shapes of the rubber
particles increase interparticle friction, thereby
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reducing flowability?; (2) the rougher surface texture of
rubber particles, compared to sand, increases internal
friction among the concrete constituents and raises
resistance to flow.*®

Fresh concrete density was determined in accor-
dance with ASTM C138/C138M.* As illustrated in
Table 4, replacing natural sand with CR significantly
reduced the density of the concrete mixtures, with the
reduction becoming more pronounced as the replace-
ment ratio increased. This behavior is primarily attrib-
uted to the substantially lower specific gravity of CR
compared with natural sand.” The specific gravities of
the 5 mm and No. 20 CR particles were 1.21 and 1.02,

respectively, whereas the corresponding value for natu-
ral sand was 2.62. Consequently, the 5mm and
No. 20 CR particles were approximately 54% and 61%
lighter than sand, respectively. At identical replace-
ment ratios, mixtures incorporating No. 20 CR consis-
tently exhibited lower densities than those containing
5 mm particles due to the lower specific gravity of the
finer rubber. For mixtures containing 5 mm CR, den-
sity reductions of approximately 7%, 11%, 15%, and 21%
were observed at replacement levels of 5%, 10%, 15%,
and 20%, respectively. Corresponding reductions for
mixtures containing No. 20 CR were approximately 8%,
14%, 18%, and 24%.
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TABLE 4 Fresh concrete properties.
Group Specimen  Slump (mm) Density (kg/m>)
Control N-0-0 48 2233
CR 5 mm C-5-05 46 2079
C-5-10 45 1982
C-5-15 42 1894
C-5-20 39 1775
CRNo.20 C-No.20-05 44 2052
C-No.20-10 42 1916
C-No.20-15 39 1821
C-No.20-20 36 1703
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FIGURE 7 Slump results of the test specimens.

These results demonstrate the effectiveness of CR
incorporation in producing lighter concrete mixtures and
are consistent with previous studies reporting density
reductions in rubberized concrete due to the low
density and elastic nature of rubber particles.'®>*>" Fur-
thermore, the significant reduction in density highlights
the potential of CR as a lightweight aggregate substitute.
For this reason, the grading characteristics of the CR par-
ticles were also compared with the ASTM C330 grading
envelopes for lightweight aggregates in Figure 2.
Although CR is a recycled polymeric material and not a
conventional lightweight mineral aggregate, the compari-
son provides useful insight into its particle-size distribu-
tion relative to materials commonly used in lightweight
concrete applications. Overall, these results demonstrate
the effectiveness of CR incorporation in producing light-
weight cementitious composites. Furthermore, several
mixtures satisfied the lightweight concrete classification
requirements specified by ACI Committee 213,%
highlighting the potential of CRC as a sustainable light-
weight construction material.

fib L

3.2 | Hardened properties of the
concrete mixes
3.21 | Compressive strength
Figure 8 illustrates the influence of CR aggregate on the
hardened concrete properties. As shown in Figure 8a,
the compressive strength of specimen C-5-05, containing
5% 5 mm CR, showed a 13% increase compared to natu-
ral concrete, as listed in Table 5. This may be attributed
to improved particle packing and stress redistribution at
low CR contents.> While all other mixes showed a reduc-
tion in compressive strength as the rubber content
increased, regardless of the rubber particle size. The com-
pressive strength decreased by 4%, 18%, and 25% for mix-
tures containing 10%, 15%, and 20% of 5mm CR,
respectively. Corresponding reductions of 9%, 25%, 34%,
and 50% were observed for mixtures incorporating
No. 20 CR at replacement levels of 5%, 10%, 15%, and
20%, respectively. This strength reduction primarily stems
from increased porosity induced by rubber inclusion and
increasing the replacement ratio led to interfacial
debonding between CR particles and the cementitious
matrix under compressive loading, and non-uniform dis-
tribution of rubber particles during casting, due to their
lower specific gravity.”>>* Moreover, rubber tends to
migrate toward the top surface of molds during vibration,
weakening the upper concrete layers.>>

Moreover, Figure 8a demonstrates that finer CR parti-
cles (No. 20 sieve size) significantly reduce concrete com-
pressive strength compared to natural concrete and CRC
with 5 mm rubber particles, with strength losses escalat-
ing from 9% at 5% replacement to 50% at 20% replace-
ment. This pronounced strength degradation is due to
the inherently weaker interfacial bonding between the
smooth, hydrophobic surfaces of fine rubber particles
and cement paste compared to conventional sand-cement
interfaces, and the greater elastic deformability of smaller
rubber particles, which compromises stress transfer effi-
ciency within the composite matrix.’

3.2.2 | Flexural strength

The flexural strength results are listed in Table 5 and pre-
sented in Figure 8b, exhibiting trends consistent with the
compressive strength behavior, though with some nota-
ble distinctions. Concrete incorporating 5% of 5 mm CR
showed a modest 5% increase in flexural strength, poten-
tially due to improved energy absorption and microcrack
arresting capabilities of the rubber particles.” However,
higher replacement ratios of 10%, 15%, and 20% led to
progressive strength reductions of 7%, 27%, and 38%,
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FIGURE 8 Hardened concrete properties of different concrete mixes: (a) Compressive strength, and (b) Flexural strength.
TABLE 5 Hardened concrete properties.

Compressive strength

Group Specimen  f,/ (MPa) SD (MPa)

Control N-0-0 42.1 +1.8

CR 5 mm C-5-05 47.6 +2.1
C-5-10 40.5 +1.9
C-5-15 34.4 +1.7
C-5-20 31.2 +1.6

CR No. 20 C-No0.20-05 38.3 +2.0
C-No0.20-10 31.6 +1.8
C-No.20-15 27.5 +1.7
C-No0.20-20 21.1 +1.5

Abbreviations: COV: coefficient of variation; SD: standard deviation.

respectively. This performance degradation primarily
stems from two interrelated mechanisms: (1) the weak-
ened rubber-cement matrix interface resulting from inad-
equate chemical bonding between hydrophobic rubber
surfaces and cement paste,’® and (2) reduced mechanical
interlocking at higher rubber contents as reported in pre-
vious studies.”™>’ The effect was further exacerbated
when using finer No. 20 CR particles, where the
smoother surface texture and higher specific surface area

Flexural strength

CoVv (%) f, (MPa) SD (MPa) COV (%)
4.3 4.1 +0.3 7.3
44 4.3 +0.4 9.3
4.7 3.8 +0.3 7.9
4.9 3.2 +0.3 9.4
5.1 2.6 =03 11.5
5.2 3.2 +0.3 9.4
5.7 2.5 +0.3 12
6.2 21 +0.2 9.5
7.1 1.8 +0.2 11.1

decreased interfacial shear resistance, resulting in more
pronounced flexural strength reductions of 22%-56%
across the 5%-20% replacement range. These findings col-
lectively demonstrate that while CR incorporation can
marginally enhance the mechanical properties at low
dosages, the trade-off between improved deformation
capacity and strength reduction becomes increasingly
unfavorable at higher replacement levels, particularly
with finer rubber particles.’
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FIGURE 9 Cracking patterns and failure modes of all tested beams: (a) Control; (b) CR 5 mm; (c) CR No. 20.
3.3 | Cracking patterns and failure region, manifesting as vertical cracks oriented perpendic-

modes of the tested beams

Figure 9 illustrates the typical crack development pattern
observed in all tested beams, demonstrating characteristic
flexural cracking behavior consistent with conventional
simply supported beam theory, regardless of the concrete
type. Crack initiation occurred in the maximum moment

ular to the principal tensile stresses generated by pure
bending action. As loading progressed, additional flexural
cracks were formed in the constant moment zone, result-
ing in smaller crack spacing. Compared with steel-RC
beams, the BFRP-RC beams exhibited wider crack spac-
ing and larger crack widths at similar load levels due to
the lower elastic modulus of BFRP bars.”® This behavior
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reduced the crack control efficiency of the reinforcement
and resulted in more pronounced crack propagation.*!
Nevertheless, the cracks in BFRP-RC beams remained
more uniformly distributed over the pure bending zone,
particularly in beams with higher reinforcement ratios.
The increase in BFRP reinforcement ratio significantly
influenced the cracking behavior and failure characteris-
tics. Beams reinforced with 3®16 BFRP bars (NF2 and
CF2 series) exhibited a larger number of finer cracks
and delayed crack localization compared with beams
reinforced with 2®12 bars. This behavior indicates
improved stress distribution and higher flexural stiffness
after cracking.>

Incorporation of CR noticeably altered the visual
cracking characteristics of the concrete beams. Generally,
CRC beams exhibited more distributed cracking patterns
and larger deformation before failure compared with nor-
mal concrete beams. This behavior may be attributed to
the higher deformability and energy absorption capacity
of CR particles, which enhanced the post-cracking defor-
mational response of the concrete matrix.®® Increasing
the CR replacement ratio resulted in earlier crack initia-
tion, increased crack density, and more irregular crack
trajectories. At higher replacement levels, several cracks
propagated diagonally toward the supports, indicating
reduced stiffness and lower tensile resistance of the CRC.
Furthermore, beams incorporating finer CR particles
(No. 20) showed more numerous and closely spaced
cracks compared with beams containing 5 mm rubber
particles. This phenomenon is associated with the larger
surface area and weaker interfacial bonding of finer rub-
ber particles with the cement matrix, which accelerates
microcrack formation and propagation.®!

Regardless of the concrete type, steel-RC beams
exhibited a typical flexural failure mode by concrete
crushing at the top face after yielding of steel bars, as
shown in Figure 10a. This failure is also characterized by
uniformly distributed vertical cracks initiating from the
tension zone and propagating toward the loading region,
indicating a stable and ductile cracking mechanism.
However, BFRP-RC beams showed fewer but more pro-
nounced inclined cracks extending toward the supports,
reflecting a tendency toward brittle behavior and reduced
crack redistribution capacity compared to steel-RC
beams. Collapsed in flexural mode, precipitated by con-
crete crushing in the compression zone without tensile
rupture of the BFRP bars, as shown in Figure 10b.

3.4 | Cracking load

The cracking load for each beam is listed in Table 6. The
test results indicate a clear influence of reinforcement

FIGURE 10 Typical flexural failure of the tested beams:
(a) CS1-5-05; (b) CF1-5-10.

type, reinforcement ratio, and rubber characteristics.
Steel-reinforced beams exhibited slightly higher cracking
loads compared to their BFRP counterparts, as seen in
NS1-0-0 (23.4 kN-m) versus NF1-0-0 (22.6 kN-m), due to
the higher stiffness of steel which delays crack initiation.
Increasing the BFRP reinforcement ratio had a marginal
effect on cracking load, with NF2-0-0 (24.1 kN-m) only
slightly exceeding NF1-0-0, confirming that cracking is
primarily governed by concrete tensile strength rather
than reinforcement amount. In contrast, rubber content
had a pronounced negative effect, where increasing rub-
ber from 5% to 20% reduced the cracking load signifi-
cantly (e.g., CF1-5-05: 232kN-m to CF1-5-20:
14.8 kN-m), attributed to the weakening of the concrete
matrix. Similarly, using finer rubber particles (No. 20)
further reduced cracking load compared to 5 mm rubber
(e.g., CS1-5-05: 23.8 kN-m vs. CS1-N0.20-05: 16.6 kN-m),
indicating reduced tensile strength with finer rubber
dispersion.

3.5 | Ultimate load

Regardless of the concrete type, the influence of rein-
forcement type becomes dominant where the BFRP-RC
beams showed significantly higher ultimate loads than
their counterparts, steel-RC beams, as seen in NF1-0-0
(108 kN-m) compared to NS1-0-0 (67 kN-m), due to the
higher tensile strength of BFRP bars. Table 6 demon-
strated that increasing the BFRP reinforcement ratio led
to a substantial increase of 34.3% in ultimate load from
108 kN-m in beam NF1-0-0 to 145kN-m in beam
NF2-0-0, highlighting the strong contribution of rein-
forcement capacity at failure. However, the incorporation
of CR led to a decrease in the ultimate load, and this
reduction becomes significant with increasing the rubber
content from CF1-5-05: 113 to CF1-5-20: 79 kN, for 5 mm
rubber particles, reflecting the reduction in compressive
strength and stiffness of CRC. Moreover, the effect of
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TABLE 6 Test results of the beams.

JibL

Cracking Yielding Ultimate
Cracking load, deflection, Yielding load, deflection, Ultimate load, deflection,

Beam P.. (kN) Ay (mm) Py (kN) Ay (mm) P, (KN) A, (mm)
NS1-0-0 23.4 1.7 48.8 7.3 67.6 45.1
NF1-0-0 22.6 2.1 - - 108.1 42.9
NF2-0-0 24.1 1.3 - - 141.2 39.5
CS1-5-05 23.8 0.9 51.1 6.8 70.6 46.2
CF1-5-05 23.2 1.1 - - 113.7 41.3
CF2-5-05 24.6 0.8 = = 146.3 44.1
CF1-5-10 21.4 2.2 - - 97.5 43.7
CF1-5-15 18.2 24 = = 88.2 39.8
CF1-5-20 14.8 2.8 - - 81.4 39.1
CS1-No.20-05 16.6 1.2 51 9.4 62.9 31.3
CF1-No.20-05 15.3 1.5 - - 98.4 45.2
CF2-No.20-05 19.2 1.1 = = 130.3 58.4
CF1-No.20-10 15.8 2.5 - - 93.4 46.6
CF1-No.20-15 12.4 2.6 - - 83.7 49.2
CF1-No.20-20 10.2 2.9 - - 71.1 46.1

rubber size also appears significant, where beams with
finer rubber (No. 20) generally exhibited lower ultimate
loads compared to those with 5 mm rubber at the same
content. For example, CF1-5-05 reached 113 kN; how-
ever, CF1-No0.20-05 yielded 98 kN. Overall, while crack-
ing load is mainly governed by concrete properties and is
adversely affected by rubber inclusion, ultimate load
is strongly controlled by reinforcement type and ratio,
with BFRP and higher reinforcement ratios enhancing
capacity, while higher rubber content and finer particles
reduce it.

3.6 | Load-deflection relationship

Figure 11 presents the load-deflection behavior of the
tested beams. The load—deflection curves provide a clear
picture of how reinforcement type, reinforcement ratio,
rubber content, and rubber particle size affected the full
flexural response of the beams from loading initiation up
to failure. In general, all specimens exhibited an initial
nearly linear response before cracking, followed by a
reduction in stiffness after cracking, and then a progres-
sive approach to peak load. However, the shape of the
curves and the extent of stiffness degradation varied
markedly with the studied parameters. The stiffness of
CRC was found to be less than natural concrete due to
the soft texture and lower elastic modulus of CR com-
pared to natural aggregate.'®* Figure 1la shows that
beam NS1-0-0 showed the classical response of an under-

reinforced member, with a relatively steep initial slope, a
distinct change in slope after cracking, and then a yield-
ing stage followed by large deflection growth with only
limited load increase, which confirms a ductile flexural
behavior. By contrast, the BFRP-RC beams NF1-0-0 and
NF2-0-0 did not exhibit a yielding plateau because BFRP
bars remain linearly elastic up to failure. Their curves
continued rising after cracking with no sudden flattening,
and their peak loads were much higher than that of the
steel beam. This reflects the high tensile strength of BFRP
reinforcement, although the absence of yielding indicates
a less ductile failure mechanism compared with steel
reinforcement.

The effect of reinforcement type is especially evi-
dent when comparing NS1-0-0 with NF1-0-0, and
CS1-5-05 with CF1-5-05. The steel-RC beams exhibited
greater stiffness in the early loading stage and a more
recognizable elastic-cracked-yielding sequence,
whereas the BFRP-RC beams showed a smoother tran-
sition from the uncracked to cracked stage and main-
tained load growth over a wider range after cracking.
This behavior can be attributed to the fundamental dif-
ference between steel and BFRP bars: steel has a lower
tensile strength but yields and redistributes stresses,
while BFRP has high tensile strength but no yielding
stage. Consequently, the BFRP-RC beams developed
substantially larger ultimate loads, while the steel-RC
beams showed clearer ductility and warning before
failure. This distinction remained valid in both natural
concrete and CRC beams.
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FIGURE 11 Load-mid-span deflection relationships of the

tested beams: (a) Control and CR 5 mm groups, and (b) Control
and CR No. 20 groups.

The reinforcement ratio had a very pronounced influ-
ence on the curve shape, stiffness after cracking, and ulti-
mate resistance. This is clear from the comparison
between NF1-0-0 and NF2-0-0 in natural concrete, as
well as between CF1-5-05 and CF2-5-05 or CF1-No.20-05
and CF2-No.20-05 in CRC, as shown in Figure 10b.
Increasing the BFRP reinforcement ratio shifted the
entire curve upward, increased the post-cracking slope,
and led to significantly higher peak load. In addition,
beams with a higher reinforcement ratio generally exhib-
ited lower deflection at a given load level, which indicates
better resistance to flexural deformation. The higher
amount of longitudinal reinforcement increased the flex-
ural rigidity after cracking and delayed the development
of large tensile strains in the bars, thereby improving the
load-carrying capacity. At the same time, the high-ratio

beams tended to fail in a more sudden manner once the
compression zone was exhausted, which is consistent
with their over-reinforced classification shown in the
experimental program.

The influence of rubber content is very clear in both
groups of CRC beams. Regarding rubber content, the
results show that beams incorporating 5% CR with 5 mm
particle size (e.g., CF1-5-05 and CF2-5-05) exhibited rela-
tively improved performance compared to higher rubber
contents, with lower deflection, higher stiffness, and
greater ultimate load. However, as the rubber content
increased from 10% to 20%, the curves progressively
shifted downward and became flatter, indicating a reduc-
tion in stiffness and load-carrying capacity due to the
smooth rubber surface texture that reduces interfacial
shear resistance.”® This suggests that a low rubber con-
tent (around 5%) may provide a balanced performance,
while higher contents significantly degrade structural
behavior.** The effect of rubber particle size is also evi-
dent, where beams with 5 mm rubber generally showed
better stiffness and higher ultimate loads compared to
those with finer rubber (No. 20), as shown in Figure 11b.
Overall, the beams containing finer rubber particles
(No. 20) tended to show lower cracking resistance and
lower ultimate load than the beams containing 5 mm
rubber. This suggests that the finer rubber particles
caused a greater reduction in concrete compactness and
matrix continuity and the poor interfacial bonding
between finer rubber particles and the cement paste.®
This phenomena resulted in lower stiffness, hence larger
deflection ranges, which may indicate improved deform-
ability, but this came with a clear reduction in load
capacity.

3.7 | Load-crack width relationship

Figure 12 shows the load-crack width curves for the
tested beams. It can be seen that there is a clear influence
of reinforcement type, reinforcement ratio, rubber con-
tent, and rubber particle size on crack development and
propagation throughout the loading stages. In terms of
reinforcement type, steel-RC beams (NS and CS series)
exhibited narrower crack widths compared to BFRP-RC
beams due to the high elastic modulus of steel bars. How-
ever, a rapid increase in the crack width after yielding,
where relatively small increases in load resulted in signif-
icant crack widening, reflects the yielding behavior of
steel and stress redistribution along the cracks. On the
other hand, BFRP-RC beams (NF and CF series) showed
a more gradual and continuous increase in crack width
with load, without a yielding point, indicating a more sta-
ble but less ductile crack propagation governed by the
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120 A 1! widths at higher load levels compared to beams with
_ finer rubber (No. 20). The No. 20 specimens showed
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% ——NF1-0-0 ability to restrain crack growth.
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— CF1-No.20-20 The load-reinforcement strain curves for the tested
0 0 04 0.8 12 16 5 24 beams are shown in Figure 13. Regarding concrete type,
Crack width (mm) natural concrete beams (NS and NF series) exhibited
(b) higher load levels at lower reinforcement strains com-
pared to CRC beams, indicating better stiffness and more
FIGURE 12 Load-Crack width relationships of the tested efficient stress transfer to the reinforcement, while CRC

beams: (a) Control and CR 5 mm groups, and (b) Control and CR
No. 20 groups.

linear-elastic behavior of BFRP bars compared to steel-
RC beams. At comparable load levels, NF1-0-0 and
CF1-05-5 beams generally exhibited larger crack widths
than CS1-0-0 and CS1-05-5 beams, respectively (see
Figure 12a), which can be attributed to the lower modu-
lus of elasticity of BFRP, resulting in reduced crack
control.

Increasing the BFRP reinforcement ratio (compared
to NF1 and CF1) significantly improved crack control.
Beams NF2-0-0 and CF2-5-05 resulted in smaller crack
widths at the same load levels and steeper load-crack
width curves than NF1-0-0 and CF1-5-05, indicating that
additional reinforcement enhances the distribution of
tensile stresses and limits crack opening. A similar trend
was observed when comparing beam CF1-5-05 with
beam CF2-5-05 and beam CF1-No.20-05 with beam
CF2-No0.20-05, as shown in Figure 12b, where the higher

beams showed a more gradual increase in load with sig-
nificantly higher strains, reflecting their reduced stiffness
and increased deformability. In terms of reinforcement
type, steel-RC beams (NS and CS series) displayed a dis-
tinct yielding region characterized by a plateau in load
despite increasing strain, confirming ductile behavior
and stress redistribution after yielding. In contrast,
BFRP-RC beams (NF and CF series) exhibited a continu-
ous linear increase in load with strain up to failure, with-
out any yielding plateau, resulting in higher ultimate
strains due to the lower modulus of elasticity of BFRP
bars but a more brittle failure mode. The reinforcement
ratio had a significant effect, whereas increasing the
BFRP ratio (NF2-0-0 and CF2-5-05 compared to NF1-0-0
and CF1-5-05) led to higher load capacity at lower strain
levels, indicating improved stiffness and more efficient
load transfer, as well as a reduction in strain at compara-
ble load levels. Regarding rubber content, beams with 5%
rubber (e.g., CF1-5-05 and CF2-5-05) exhibited relatively
better performance with higher loads and lower strains
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tested beams: (a) Control and CR 5 mm groups, and (b) Control
and CR No. 20 groups.

compared to beams with higher rubber contents, as
shown in Figure 13a.

As the rubber content increased from 10% to 20%, the
curves displayed higher strain values at lower loads, dem-
onstrating reduced stiffness and strength due to the
weakening of the concrete matrix. Moreover, the effect of
rubber particle size is evident when comparing CR 5 mm
and CR No. 20 series, where beams with 5 mm rubber
generally showed higher load levels and lower corre-
sponding strains than those with finer rubber (No. 20)
(see Figure 13b), suggesting that larger rubber particles
resulted in less severe degradation of mechanical proper-
ties. However, replacing the natural aggregate with CR
No. 20 led to higher BFRP strain records and this effect
becomes more pronounced as the substitution ratio of CR
increases.

beams: (a) Control and CR 5 mm groups, and (b) Control and CR
No. 20 groups.

Figure 14 shows the load-concrete strain curves of the
tested beams. Incorporating crumb rubber, changing the
reinforcement type, increasing the reinforcement ratio, and
varying the rubber content and particle size all had a
marked influence on the compressive response of the
beams. Compared with the natural concrete beams, the
CRC beams generally exhibited a more gradual increase in
compressive strain with load, indicating lower stiffness of
the compression zone and a softer overall response, as
shown in Figure 14a. Additionally, increasing the BFRP
reinforcement ratio, as seen in beams NF2-0-0 and
CF2-5-05 compared with NF1-0-0 and CF1-5-05, resulted in
higher load capacity accompanied by larger compressive
strains in the concrete, indicating that the concrete com-
pression zone became more heavily mobilized as the tensile
resistance of the reinforcement increased. At 5% rubber
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replacement, the beams still maintained relatively high load
levels with substantial concrete strain development, espe-
cially in CF1-5-05 and CF2-5-05, whereas increasing the
rubber content from 10% to 20% progressively reduced the
slope of the curves and lowered the corresponding load car-
ried at a given concrete strain, confirming that higher rub-
ber content weakened the concrete matrix and reduced the
efficiency of stress transfer in compression.

The effect of rubber particle size can be observed by
comparing the CR 5 mm and CR No. 20 groups. At the
same load level, the beams containing 5 mm rubber gen-
erally developed lower compressive strains than the cor-
responding beams with No. 20 rubber (Figure 14b),
indicating better performance of the coarser rubber parti-
cles. Overall, the curves confirm that CR incorporation
reduced the stiffness and compressive resistance of the
beams, but this adverse effect was less pronounced at low
rubber content and with larger particle size.

The experimental results obtained in this study are gen-
erally consistent with previous investigations on CRC and
FRP-reinforced concrete members. Similar to the findings
reported by Son et al.**> and Al-Tayeb et al.** increasing the
CR replacement ratio resulted in reductions in compressive
strength, flexural strength, cracking resistance, and load-
carrying capacity. These reductions have been widely attrib-
uted to the weak interfacial bond between rubber particles
and the cementitious matrix as well as the increased
deformability of rubber inclusions. The present study further
demonstrated that the reduction in structural performance
becomes more pronounced when finer CR particles are
used, highlighting the importance of particle size in struc-
tural applications. The observed increase in deformability
and more distributed cracking patterns of CRC beams also
agree with previous studies that reported enhanced energy
absorption capacity and ductility in rubberized concrete
members. Furthermore, the behavior of BFRP-reinforced
beams was consistent with the findings reported for FRP-
reinforced concrete structures, where higher ultimate load
capacities were achieved at the expense of reduced ductility
due to the linear-elastic behavior of FRP reinforcement. The
results additionally showed that increasing the BFRP rein-
forcement ratio effectively improved post-cracking stiffness
and ultimate flexural capacity.

4 | THEORETICAL BACKGROUND
AND ANALYTICAL
FORMULATIONS

4.1 | Prediction of cracking load

The cracking moment, M, is the moment based on the
first visible crack and it can be determined through

Jibd

the expression given in Equation (5) and the cracking
load, Pepre is calculated as presented in Equation (6)
follows:

1
M, :fg (5)
Yr
Perpre =2M/0.65 (6)

where I, is the gross moment of inertia, y, is the vertical
distance between the extreme tension fibers and the neu-
tral axis, and f, is the flexural strength of the concrete.

Table 7 presents the cracking prediction with the
design previsions. The predictions for the cracking load
of the tested beams showed an average P /Pcrpre. Of
1.17 £ 0.07, indicating that the predictive model tends to
slightly underestimate the cracking load. This trend is
consistent across the control, CR 5mm, and CR
No. 20 groups, suggesting that the adopted formulation is
conservative in predicting the onset of cracking for CRC-
RC beams. The variability becomes more noticeable in
beams with higher rubber content or different reinforce-
ment configurations, particularly in the CR No. 20 group.
This indicates a stronger influence of larger rubber parti-
cle sizes and modified stiffness characteristics on delaying
crack initiation compared to predictions.

TABLE 7 Comparison between the experimental and predicted
Cracking load.
Group Beam P.. Pf: -
Control NS1-0-0 234 1.17
NF1-0-0 22.6 1.13
NF2-0-0 24.1 1.21
CR 5 mm CS1-5-05 23.8 1.15
CF1-5-05 23.2 1.12
CF2-5-05 24.6 1.19
CF1-5-10 21.4 1.16
CF1-5-15 18.2 1.18
CF1-5-20 14.8 1.19
CR No. 20 CS1-No.20-05 16.6 1.09
CF1-No.20-05 15.3 1.00
CF2-No.20-05 19.2 1.26
CF1-No.20-10 15.8 1.32
CF1-No.20-15 12.4 1.21
CF1-No.20-20 10.2 1.17
Average 1.17
Standard deviation 0.07
Coefficient of variation (%) 6.2
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4.2 | Prediction of ultimate load

To evaluate the applicability of existing design provisions
for predicting the flexural capacity of CRC beams rein-
forced with BFRP bars, the experimental ultimate loads
were compared with the predictions obtained from sev-
eral international design codes and analytical
approaches. The predicted flexural capacity of FRP-RC
beams for ACI 440.1R-15,*° CSA S806-12,”” AASHTO
LRFD, the Chinese FRP design recommendations Gb
50608-2020,%* JSCE provisions,** SP295,°” and Eurocode
2 (EC2)°® is presented in Table 8.

The comparison was conducted using the ratio
between the experimental and predicted ultimate loads
Py exp./Pupre., Where values greater than unity indicate
conservative predictions, as listed in Table 9. The com-
parison results demonstrated that most of the considered
design approaches provided reasonably conservative pre-
dictions for the flexural capacity of the tested beams.
Among the evaluated models, the ACI 440.1R and
AASHTO LRFD provisions showed identical prediction
trends, resulting in an average Pyjexp./Puipre. ratio of
approximately 1.10, indicating slightly conservative esti-
mations of the ultimate capacity. Similarly, the CSA S806
and JSCE approaches also provided satisfactory agree-
ment with the experimental results, with average ratios
of 1.08 and 1.09, respectively. These results confirm the
suitability of strain compatibility approaches combined
with equivalent rectangular stress block assumptions for
predicting the flexural behavior of BFRP-CRC beams.

The Chinese design approach and the Eurocode
2 (EC2) showed the closest agreement with the experi-
mental results, with average Puyexp. /Pul,pre, ratios close to
unity (approximately 1.01). This indicates excellent pre-
diction accuracy and demonstrates that these models can
effectively capture the flexural response of CRC beams
reinforced with BFRP bars when the actual material
properties are considered in the analysis. In contrast, the
SP295 model generally produced unconservative predic-
tions, resulting in an average ratio of approximately 0.93,
indicating a tendency to overestimate the flexural capac-
ity of the tested beams. The prediction trends also
revealed that the agreement between analytical and
experimental results remained satisfactory despite the
reduction in concrete strength caused by increasing CR
content. This observation suggests that the current FRP
flexural design formulations remain applicable for CRC
beams provided that the reduced mechanical properties
of CRC are properly incorporated into the calculations.
Furthermore, the prediction accuracy was generally
maintained for both rubber particle sizes (5mm and
No. 20), although slightly larger deviations were observed
for mixtures containing finer rubber particles due to their

TABLE 8 Flexural Capacity Equations for FRP-RC Beams.

References Equation

36 .
ACI 440.1R-15 Ma = pif; (1 _ 0_59,;%,) ba?

e / )
fom \/(Efzm + Bre (W) (8220 <

M, = alﬁlfLCb (d - %)
_ (_pif
Ch (lll ﬂlffi> d
2 ’
fi= \/(Eficu) 4+ Erey (al/;lffc ) _ (Erzecu) <fru

M, =Af xfy x (d—a/2)
a= (A xf;)/(0.85xf. xb)
ff =Ef X E&f

eg=¢ea X ((d—c)/c)
c=a/p,

My =A¢ X fp x (hg —x/2)
x=(Ag xft)/ (a1 x fo x b)
ff :Ef X &f

&f = Ecu X ((hO—x)/x)

JSCE M,=Txz

T=Af ><ff

z=d— (ky xx/2)

x=(A¢ x fr)/ (k1 x k3 x f./ x b)
Mu=Rs xfy xz
z=d—0.5x

x=(Re X f¢)/(Ry x b)
Mu = Af X f¢ x (d—1x/2)
x=(Ag xft)/(n* fea % b)
fe=EsXxe¢s
A=0.8andn=1.0

My =Af, (d-55)

CSA S806-12%7

AASHTO LRFD®’

Gb 50608-2020%°

SP295%°

Eurocode 2°¢

ACI 318°%®

more pronounced influence on stiffness degradation and
crack propagation behavior.

43 |
design

Practical implications for structural

The findings of this study have important practical impli-
cations for the development of sustainable and durable
concrete infrastructure. The incorporation of CR as a par-
tial replacement of fine aggregate provides an environ-
mentally responsible solution for recycling waste tires
while simultaneously reducing the self-weight of concrete
members. Furthermore, the use of BFRP reinforcement
eliminates corrosion-related deterioration, making such
structural systems particularly attractive for marine struc-
tures, bridge decks, parking structures, coastal facilities,
and other aggressive environments where steel corrosion
represents a major durability concern. Although the
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TABLE 9 Comparison between the experimental and predicted Ultimate load results.
Beam Puerp. (iull%) ACI (iullﬁ) CsA (f’“"llﬁ) AAASHTO (}%) Chinese (l’?u“ll—mp) JSCE (I;"llﬁ) SP295 (%) EC2
NS1-0-0 67.6 1.16 1.16 1.16 1.16 1.16 1.16 1.16
NF1-0-0 108.1 1.18 1.16 1.17 1.03 1.13 0.92 1.03
NF2-0-0 141.2 1.06 1.03 1.06 0.92 1.02 0.83 0.92
CS1-5-05 70.6 1.21 1.21 1.20 1.20 1.20 1.20 1.20
CF1-5-05 113.7 1.18 1.18 1.18 1.01 1.11 0.90 1.01
CF2-5-05 146.3 1.05 1.03 1.04 0.89 0.98 0.79 0.89
CF1-5-10 97.5 1.08 1.07 1.07 0.95 1.04 0.85 0.95
CF1-5-15 88.2 1.04 1.04 1.04 0.95 1.04 0.84 0.95
CF1-5-20 81.4 1.00 1.00 1.00 0.92 1.02 0.83 0.92
CS1-No.20-05 62.9 1.08 1.08 1.08 1.08 1.08 1.08 1.08
CF1-No.20-05 98.4 1.11 1.11 1.11 0.99 1.09 0.88 0.99
CF2-No.20-05 130.3 1.02 1.00 1.02 0.90 1.00 0.81 0.90
CF1-No.20-10 93.4 1.15 1.14 1.14 1.05 1.16 0.94 1.05
CF1-No.20-15 83.7 1.10 1.09 1.10 1.02 1.13 0.92 1.02
CF1-No.20-20 71.1 1.07 1.06 1.09 1.02 1.13 0.91 1.02
Average 1.10 1.08 1.10 1.00 1.09 0.93 1.00
Standard deviation 0.06 0.06 0.06 0.09 0.07 0.13 0.09
Coefficient of variation (%) 5.62 5.84 5.62 9.10 6.09 13.66 9.10

incorporation of CR reduced strength and stiffness,
the tested beams maintained satisfactory structural per-
formance and predictable flexural behavior. The experi-
mental results demonstrated that the adverse effects of
CR can be partially compensated through appropriate
selection of reinforcement ratio and rubber particle size.
The analytical comparisons confirmed that existing inter-
national FRP design provisions can reasonably predict
the flexural capacity of BFRP-reinforced CRC beams,
facilitating their implementation in practical structural
design. Therefore, BFRP-reinforced CRC members repre-
sent a promising structural solution that combines envi-
ronmental sustainability, enhanced durability, reduced
maintenance requirements, and acceptable structural
performance, thereby advancing resilient and sustainable
construction practices.

5 | CONCLUSIONS

This study experimentally investigated the flexural
behavior of concrete beams incorporating CR as a partial
replacement of fine aggregate and reinforced with BFRP
bars. A total of 15 beams were tested under four-point
bending to evaluate the influence of key parameters,
including concrete type (natural and CR concrete), rein-
forcement type (steel and BFRP bars) and ratio, CR

content (5% to 20%, step 5%), and particle size (5 mm and
No. 20). The structural performance was assessed in
terms of cracking behavior, failure modes, load-carrying
capacity, load—deflection response, crack width develop-
ment, and strain characteristics. The experimental results
were further compared with existing design provisions to
examine their applicability for CRC beams reinforced
with BFRP bars. The conclusions can be drawn as
follows:

1 A low replacement ratio (5% with 5 mm particles)
enhanced compressive strength by 13% and flexural
strength by 5%, whereas higher replacement levels
(10%-20%) progressively reduced strength, stiffness,
cracking load, and ultimate capacity due to increased
porosity and weaker rubber-cement bonding. For
structural applications, a rubber replacement ratio of
5%-10% with 5 mm particles is recommended.

2 Beams containing 5 mm CR particles consistently
exhibited higher load-carrying capacity, greater stift-
ness, and better crack control than those incorporating
finer No. 20 particles, which resulted in more pro-
nounced strength degradation and wider crack widths.

3 Steel-reinforced beams exhibited higher cracking loads
and a ductile failure mode characterized by steel yield-
ing prior to failure, whereas BFRP-reinforced beams
achieved 60%-110% higher ultimate load capacities but
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exhibited linear-elastic behavior up to failure with
wider crack widths and reduced ductility.

4 Increasing the BFRP reinforcement ratio from 0.73% to
1.97% significantly improved cracking resistance, post-
cracking stiffness, crack control, and ultimate flexural
capacity by approximately 30%. However, higher
reinforcement ratios promoted a more compression-
controlled failure mode.

5 CRC beams exhibited greater deformability and more
distributed cracking patterns than conventional con-
crete beams, demonstrating enhanced energy absorp-
tion capacity. However, this improvement was
accompanied by reductions in stiffness and load-
carrying capacity, highlighting the trade-off between
ductility enhancement and strength reduction.

6 The predictions obtained from ACI 440.1R, CSA S806,
AASHTO LRFD, JSCE, SP295, and Eurocode-based
approaches showed reasonable agreement with the
experimental results, confirming the applicability of
existing FRP design provisions for BFRP-reinforced
CRC beams.

The results demonstrate that BFRP-reinforced CRC
beams can provide a sustainable and durable structural
solution by combining waste tire recycling with
corrosion-resistant reinforcement. These findings contrib-
ute to the growing body of knowledge on environmen-
tally friendly concrete structures and support their
potential application in bridge decks, parking structures,
and marine infrastructure. Furthermore, the authors are
currently conducting an ongoing research project to
investigate additional aspects of BFRP-reinforced CRC
systems, including long-term durability, fatigue perfor-
mance, serviceability behavior, and life-cycle sustainabil-
ity to facilitate their broader implementation in
structural engineering practice.
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NOMENCLATURE

As Area of FRP reinforcement

Ag Area of steel reinforcement

b Beam width

c distance from extreme fiber in compression to
neutral axis

d Effective depth from compression face to cen-
troid of tension reinforcement

E; Elastic modulus of FRP bars

fed Design value of concrete compressive strength

f. Concrete compressive strength

fr Stress in FRP bars

fr Modulus of rupture (flexural tensile strength) of
concrete

fru Ultimate tensile strength of BFRP bars

h Total depth of beam section

hy Effective depth used in Chinese provisions

I, Gross moment of inertia of the concrete section

ky JSCE stress block coefficient

ks JSCE lever arm coefficient

ks JSCE concrete stress coefficient

M, Cracking moment

M, Ultimate moment

Py Applied load at cracking

Pepre  predicted load at cracking

Py Applied load at ultimate

Pypre  Applied load at ultimate

Py Applied load at yielding

Ry Design compressive resistance of concrete
(SP295)

R¢ Design tensile resistance of FRP reinforcement
(SP295)

X Neutral axis depth

Vi Distance from neutral axis to extreme tension
fiber

z Internal lever arm

a ratio of average concrete stress to concrete
strength

5 ratio of depth of equivalent rectangular stress
block to depth of neutral axis

A deflection at cracking

4y deflection at yielding

Ay deflection at ultimate

Ecu Ultimate concrete strain

&f FRP strain

Efu Ultimate tensile strain of BFRP bars

gy yielding strain of steel bars

n Eurocode concrete stress block factor

p) Eurocode stress block depth factor

Ds reinforcement ratio of longitudinal FRP bars

Ptb balanced reinforcement ratio for FRP-RC mem-

bers in which concrete crushing and FRP rup-
ture occur synchronously
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Ps
Psb

reinforcement ratio of longitudinal steel bars
balanced reinforcement ratio in which concrete
crushing and the yielding of steel bars occur
synchronously
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