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Abstract 

This study aims to investigate the effectiveness of para-aramid fiber sheet in enhancing the flexural performance 
of reinforced concrete (RC) beams made with Environmental-Friendly Recycled Coarse Aggregates. The experimental 
program examines the effect of substitution ratio of recycled aggregates (0%, 30%, and 50%), type of para-aramid 
fiber sheet (KN 206 RFL and KN AA070-RFL), and the method of fiber sheet attachment (bottom and bottom-side). 
The test results show that the ultimate load-carrying capacity of RC beams reinforced with para-aramid fiber sheet 
attached to the bottom and side parts increased by 23.9% compared to the unreinforced specimens. The main 
findings of the study include the identification of the BU-type attachment method as the most effective method 
for enhancing the flexural performance of reinforced concrete beams. The comparison of the experimental results 
with analytical predictions showed that the nominal flexural strength obtained from the experimental study 
was lower than the analytical predictions, but the ductile capacity of the specimens indicated the effectiveness 
of para-aramid fiber sheet reinforcement in EFRCA RC beams for flexural strength. The study highlights the potential 
of using para-aramid fiber sheet in improving the flexural behavior of RC beams made with recycled aggregates, offer-
ing a sustainable solution for the construction industry.
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1  Introduction
The use of fiber-reinforced polymers (FRP) for the reha-
bilitation and strengthening of concrete structures has 
been widely investigated due to their excellent mechani-
cal properties and durability. Among various types of 
FRP, aramid fiber sheets have been gaining attention for 
their high tensile strength, toughness, and fire resistance. 

Aramid fiber-reinforced polymers (AFRP) are a type of 
composite material that have been increasingly used 
in concrete structures in recent years. AFRPs are made 
from aramid fibers, which have high strength and stiff-
ness, and a polymer matrix, which provides toughness 
and durability. AFRPs have several advantages over 
other types of reinforcement materials, including high 
strength-to-weight ratio, corrosion resistance, and ease 
of installation. They are also non-magnetic, non-con-
ductive, and have low thermal expansion, which makes 
them suitable for use in sensitive environments such as 
Magnetic Resonance Imaging (MRI) rooms and nuclear 
power plants. Several studies have investigated the use 
of AFRPs in concrete structures, including beams, col-
umns, and slabs. In general, the results have shown that 
AFRPs can provide significant improvements in strength 
and ductility compared to unreinforced concrete, and in 
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some cases can even exceed the performance of tradi-
tional steel reinforcement.

Domestic research studies have shown promising 
results in the use of AFRPs for the improvement of the 
mechanical properties and durability of concrete struc-
tures. The paper by Cho et al. (2016) focuses on evaluat-
ing the use of aramid fiber sheet (AFS) as a reinforcement 
material in sustainable structural concrete. The study 
involved the use of recycled aggregates (RA) in combina-
tion with AFS to produce concrete samples for testing. 
The compressive strength, tensile strength, and flexural 
strength of the concrete samples were then tested. The 
results showed that the addition of AFS improved the 
tensile and flexural strength of the concrete, particularly 
at higher AFS content levels. The authors concluded that 
the use of AFS in combination with RA can result in sus-
tainable structural concrete with improved mechanical 
properties. The study highlights the potential for the use 
of AFS as a reinforcement material in sustainable con-
crete applications. According to Kim et  al. (2012), the 
study focuses on the experimental study of the effects 
of beam sizes and CFRP (carbon fiber reinforced poly-
mers) layers on the structural behavior of reinforced 
concrete beams that were strengthened using CFRPs. 
The study aimed to evaluate the effect of different vari-
ables such as the number of CFRP layers, beam sizes, 
and the placement of the CFRP layers on the behavior 
of the strengthened beams. The study applied the CFRP 
sheets in various configurations, including one layer, two 
layers, and three layers, and evaluated the effect of each 

configuration on the load-carrying capacity and deflec-
tion of the beams. The results showed that the applica-
tion of CFRP sheets increased the load-carrying capacity 
and ductility of the strengthened beams. The study also 
found that the beam size had a significant effect on the 
load-carrying capacity and the amount of deflection. Spe-
cifically, the larger beams showed a higher load-carrying 
capacity than the smaller beams. The study suggests 
that the use of CFRP sheets is an effective method to 
improve the load-carrying capacity and ductility of rein-
forced concrete beams. In Kim et al. (2014), the flexural 
strengthening effect of recycled coarse aggregate (RCA) 
reinforced concrete (RC) beams using carbon fiber rein-
forced polymers (CFRPs) was investigated. CFRP sheets 
with different widths and layers were used to strengthen 
the beams. The test results showed that the ultimate load-
carrying capacity, flexural strength, and stiffness of the 
RCA RC beams were improved by CFRP strengthening. 
The use of wider and more layers of CFRP sheets led to a 
higher improvement in the structural performance of the 
RCA RC beams. The authors concluded that the use of 
CFRP sheets is an effective method to enhance the flex-
ural performance of RCA RC beams, and the strengthen-
ing effect depends on the width and layers of the CFRP 
sheets.

Table  1 presents the results of above research stud-
ies on fiber reinforced concrete [(1) Cho et al. 2016, (2) 
Kim et al. 2012, (3) Kim et al. 2014]. Results of the studies 
show 38%, 39.9% and 100.8% increase in maximum load 
resistance. By the study of (1) Cho Y.S. et  al. (2016) the 

Table 1  Previous domestic research test results for strength of fiber reinforced concrete

CFRP Carbon Fiber Reinforcement Polymer, B application to the bottom part of beam, BU application to the bottom and side part of beam, BS application to the 
bottom part and U-band both ends, M2 medium size (3200 × 150x250 mm) of reinforced beam with 2 layers of reinforcement sheet, L2 large size (4600 × 300x350 mm) 
of reinforced beam with 2 layers of reinforcement sheet

Classification Fiber reinforcement material At maximum resistance

Type of fiber 
reinforcement material

Tensile strength 
(GPa)

Modulus of 
elasticity (GPa)

Applying method Load (kN) Displace 
ment (mm)

(1) Cho. et al. (2016) Aramid fiber sheet 2.1 117.7 - 62.9 51.4

B* 88.1 49.2

BU* 86.9 35.6

BS* 131.9 33.1

(2) Kim. et al. (2012) CFRP* sheet 4.5 245.2 M2* 99 21.9

M3 95 17.5

M4 84.4 14.4

L3* 169.4 30.3

(3) Kim et al (2014) CFRP sheet 3.5 235 R15-CFS 81.1 32.6

R30-CFS 78.3 51.2

R50-CFS 71.1 43.2

CFRP plate 3.5 165 R30-CFP 97.9 18.2

R50-CFP 103.2 52.3
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ductility ratio increased by 2.75 ~ 6.2. According to (2) 
Kim et al. 2012, the load capacity of specimens increased, 
however, the failing is occurred after carbon fiber rein-
forcement polymers starts debonding. For (3) Kim et al. 
2014, the ultimate loads increased by an average 32.5% 
for the beams reinforced with CFRP sheets and by an 
average 79% for ones reinforced with CFRP plates. Also, 
there was an increase in ductility by 121% and 109% for 
CFRP sheet and plate reinforced specimens, respectively.

Overseas researchers have also evaluated the feasibil-
ity of using fiber-reinforced polymers as a sustainable 
alternative to traditional strengthening materials in con-
crete structures. The study by Attari et  al. (2012) inves-
tigated the flexural strengthening of concrete beams 
using different types of fiber-reinforced polymer (FRP) 
sheets. Three types of FRP sheets were used, including 
carbon FRP (CFRP), glass FRP (GFRP), and a hybrid of 
CFRP and GFRP. The study involved testing 18 concrete 
beams, with six beams for each type of FRP sheet. The 
beams were tested under four-point bending to evaluate 
their flexural strength, stiffness, and cracking behavior. 
The results showed that all types of FRP sheets signifi-
cantly improved the flexural performance of the concrete 
beams, with CFRP being the most effective. The hybrid 
CFRP/GFRP sheets also showed promising results, with 
a performance that was between those of the individual 
CFRP and GFRP sheets. The study concluded that the 
use of FRP sheets can be an effective method for flex-
ural strengthening of concrete beams. In M. Garcez et al. 
(2008), the structural performance of reinforced concrete 
beams strengthened with different types of FRP sys-
tems, including aramid fiber-reinforced polymers, was 

investigated. The test setup included four-point bending 
tests, and the test parameters included the number of 
layers of FRP, the type of FRP, and the level of prestress-
ing. The results showed that the aramid fiber-reinforced 
polymer provided higher stiffness and load-carrying 
capacity compared to glass fiber-reinforced polymer, and 
similar performance to carbon fiber-reinforced poly-
mer. The authors concluded that aramid fiber-reinforced 
polymers could be a viable option for strengthening 
reinforced concrete beams. Looking at the results, there 
were increases by 83.3%, 59.4%, and 77.9% for CFB_02, 
AFB_02 and GFB_02, respectively (Table 2).

The significance of our research lies in the investiga-
tion of the effectiveness of using para-aramid fiber sheets 
for strengthening recycled aggregate concrete (RAC) 
beams. RAC is a sustainable alternative to traditional 
concrete, but its mechanical properties are generally 
lower than those of conventional concrete Arezoumandi 
et  al. (2015). Therefore, enhancing the performance of 
RAC beams using cost-effective and sustainable mate-
rials such as para-aramid fibers is essential Tatar and 
Milev (2021), Biswas et  al. (2023). This study adds to 
the existing literature by providing new insights into the 
effectiveness of para-aramid fiber sheets in enhancing 
the flexural behavior of RAC beams. To the best of our 
knowledge, there are limited studies that have investi-
gated the use of para-aramid fibers in RAC beams. This 
study also contributes to the literature by exploring the 
effects of different parameters such as the attachment 
method and replacement ratio of recycled aggregates on 
the flexural behavior of RAC beams reinforced with para-
aramid fiber sheets. Furthermore, the use of para-aramid 

Table 2  Previous foreign research test results for strength of fiber reinforced concrete

GFRP Glass Fiber Reinforcement Polymer, PA1 CRFP wrap 1 layer 0° and 1 layer 90oU shape, PA2 GFRP wrap 2 layers at 0° and 1 layer 90oU shape, PA3 1 layer GFRP 0° 
1 layer CFRP 0oU shape, PB4 3 layers HFRP U shape, PB5 2 layers HFRP U shape, PB6 3 layers HFRP, CFB_01 1 layer of CFRP reinforcement, AFB_01 1 layer of Aramid FRP 
reinforcement, GFB_02 2 layers of GFRP reinforcement

Classification Fiber reinforcement material Load values (kN)

Type of fiber reinforcement material Tensile 
strength 
(MPa)

Modulus of 
elasticity 
(GPa)

Applying method Cracking Yield Ultimate

(1) Attari et al. (2012) CFRP 403 43.5 PA1* 10.7 43.6 77.8

GFRP* 325 19.2 PA2* 12.4 45.8 78.9

PA3* 11.1 43.6 86.5

Hybrid (Twin) CFRP + GFRP 400 28 PB4* 10.1 41.7 76.6

PB5* 9.3 43.3 68.2

Hybrid fabric HFRP 218 27 PB6* 7.2 41.2 54.9

(2) Garcez et al. (2008) CFRP 3400 227 CFB_01* 20.6 83.8 128.7

CFB_02 25.7 88.5 189.1

AFRP 2800 124 AFB_01* 20.6 83.8 134.5

AFB_02 25.2 88.9 164.5

GFRP 1517 72.4 GFB_02* 29.8 88.9 183.5
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fibers is an expensive approach, but it provides numer-
ous advantages such as high tensile strength, durability, 
and resistance to environmental degradation. Therefore, 
it is essential to explore its effectiveness in enhancing the 
performance of sustainable concrete such as RAC. This 
research investigates a new approach for enhancing the 
mechanical properties of RAC beams using para-aramid 
fibers. Our study contributes to the literature by provid-
ing new insights into the effectiveness of para-aramid 
fiber sheets in enhancing the flexural behavior of RAC 
beams and exploring the effects of different parameters 
on their performance.

2 � Experimental Method
The experimental method used in this study aimed to 
investigate the flexural performance of recycled aggre-
gate RC beams reinforced with para-aramid fiber sheets. 
To achieve this, three types of reinforced beams using 
para-aramid fiber sheets were produced, and three types 
of recycled aggregate RC beam specimens without para-
aramid fiber sheets were also created. The flexural per-
formance of each specimen type was evaluated, and the 
differences were analyzed to determine the effects of 
para-aramid fiber sheet reinforcement.

A total of 16 RC beams were produced, using recycled 
coarse aggregates (RCA) Rao et al. (2007), and evaluated 
for their flexural characteristics. Three types of environ-
mentally friendly recycled coarse aggregates (EFRCA) 
volume fractions (0%, 30%, and 50%) were used to inves-
tigate their effects on the flexural behavior of the para-
aramid fiber sheet RC beams. Two types of para-aramid 
fiber sheets with main parameters of 4.5 mm and 14 mm 
intervals were also selected and applied to the bottom 
and side parts of the specimens.

Prior to conducting the experiment, the study direc-
tion and purpose were established by analyzing existing 
research and cases. The experiment objective was then 
defined, and the experiment was planned by setting up 
experiment factors, organizing specimens, and meas-
uring the flexural performances. After conducting the 
experiment, the results, including load–displacement 
data, failure shape, and other relevant information, were 
analyzed to identify the flexural characteristics of the 
para-aramid fiber sheet RC beams. The results indicated 

that partially replacing natural aggregates with EFRCA 
could increase the durability of the concrete produced. 
Additionally, the potency of the reinforced beam experi-
ment was verified by comparing the results of the flexural 
performance experiment with theoretical analysis results.

2.1 � Material and Mixture Properties
The experimental study involved the preparation of 
specimens using different types of materials such as envi-
ronmentally friendly recycled coarse aggregates Ahmadi 
et al. (2017), natural aggregates, para-aramid fiber sheets, 
and Portland cement. Fine river sands with a diameter of 
less than 0.5 mm were used as fine aggregates and natural 
coarse aggregates with a maximum size of up to 11 mm 
were used. Table 3 presents the material properties of the 
aggregates used in the study, including fineness modulus 
(FM), specific gravity (SG), absorption rate of aggregate 
(ARA), and maximum size of materials.

Para-aramid fiber sheets were used as a reinforcing 
fiber in composite materials due to their high strength, 
elastic modulus, lightweight, and impact resistance prop-
erties Lee et al. (2018), Almusallam (2006). Table 4 shows 
the material properties of para-aramid fiber used in the 
study, including tensile strength, thickness, elastic modu-
lus, weight per unit area, and elongation.

Table 5 provides information on the material properties 
of the Portland cement used in the production of speci-
mens in the study. The table includes the percentages of 
various chemical compounds present in the cement, such 
as SiO2, Al2O3, Fe2O3, MgO, CaO, and SO3. The spe-
cific gravity of the cement and its fineness, measured in 
cm2/g, are also provided. The cement used in the study 

Table 3  Material properties of aggregates

FM Fineness modulus (the coarseness or fineness measurement of a given aggregate), SG Specific gravity (ratio of the density of a given solid to the density of water), 
ARA​ Absorption rate of aggregate (rate of moisture absorption into the aggregates)

Aggregate Types FM (%) SG (g/cm3) ARA (%) Wear Rate (%) Maximum 
Size (mm)

Fine aggregate 2.2 2.6 1.5

Coarse aggregate NA 6.8 2.6 1.1 21.1 11

RA 6.4 2.5 2.8 34.2 19

Table 4  Material properties of para-aramid fiber

Type Tensile 
strength 
(MPa)

Thickness 
(mm)

Elastic 
modulus 
(GPa)

Weight 
per unit 
area (g/
m2)

Elongation

Aramid 
fiber

2400 0.21 113.7 300 1.44
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had w/C ratio of 45%, 24 MPa compressive strength, spe-
cific gravity of 3.15 and a fineness of 3200 cm2/g.

In this study, RCA was used as a partial replacement 
for natural coarse aggregates in the concrete mixtures. To 
ensure the quality and workability of the concrete mix-
ture, the absorbed water by RCA was taken into account 
during the mix design process. The water absorption of 
RCA was measured prior to use and the amount of water 
in the mix design was adjusted accordingly.

Table  6 shows the concrete mixing ratio according to 
the EFRCA (Environmentally Friendly Recycled Coarse 
Aggregates) ratio. The table presents the weight of the 
various components used in the concrete mix, which 
includes water, cement, fine aggregate, natural aggregate, 
recycled aggregate, and water-reducing admixture.

The mix design was conducted following the guidelines 
of the American Concrete Institute (ACI) method ACI 
Committee 318, (2008). Table 7 is divided into three clas-
sifications, R0, R30, and R50, which represent the amount 
of recycled aggregate used in the mix. R0 indicates that 

no recycled aggregate was used, while R30 and R50 indi-
cate that 30% and 50% of the natural coarse aggregates 
were replaced with recycled aggregates, respectively. 
Strength properties of concrete according to recycled 
aggregates used by being substituted by 0%, 30%, and 50% 
based on Table 7, and mix proportion table is as shown in 
Table 6.

Regarding the identification of the beam specimens, 
F10, F13, and F16 correspond to the beam tensile rebar 
size (in mm), and the number after the letter indicates 
the percentage of recycled aggregates used in the con-
crete mix. For instance, F10R30-N refers to the beam 
with a tensile rebar size of 10 mm and 30% of the recy-
cled aggregate in the concrete mix, which was reinforced 
with the traditional method without para-aramid fibers.

2.2 � Specimen Design
The design and production of the 16 beams for the 
structural tests involved various stages. The beams were 
designed with a length of 2560  mm, width of 135  mm, 
height of 270 mm, and an effective depth of 232 mm. The 
center-to-center span was 2260 mm, and all beams had a 
(a/d) ratio greater than 2, in accordance with beam the-
ory. Three types of deformed rebars, D10, D13, and D16, 
were used as tensile rebars, and D10 stirrups were placed 
at every 100 mm interval, as illustrated in Fig. 1.

Table 5  Material properties of cement

SiO2 (%) Al2O3 (%) Fe2O3 (%) MgO (%) CaO (%) SO3 (%) Specific gravity Fineness (cm2/g)

22.4 6.2 2.9 3.2 62.1 2.3 3.15 3200

Table 6  Concrete mixing ratio according to EFRCA ratio

Classifi cation Weight(kg/m3)

Water Cement Fine aggregate Natural 
aggregate

Recycled 
aggregate

Water reducing admixture

R0 171.1 380.1 770.5 974.6 0 3.8

R30 713.2 261.4

R50 487.2 487.2

Table 7  Concrete strength properties according to EFRCA ratio

Classification R0 R30 R50

Concrete compressive strength (MPa) 49 48.6 47.5

Fig. 1  Design of test specimen
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The production process was carried out at the struc-
tural engineering laboratory of Kumoh National Insti-
tute of Technology. Initially, cement was mixed with sand 
using a special mixer machine, and coarse aggregates 
were added to the mixture in the mixing drum. Water 
was gradually poured into the mixture until it achieved 
a uniform consistency. In some cases, a high-range water 
reducer was added to achieve the desired workability. 
After casting, all specimens were moist-cured for 7 days 
and then air-cured after beams were demolished. The 
curing process continued for a total of 28 days Etxeberria 
et al. (2007).

Following the curing period, the RC beams were dried 
for 4  days to prepare for attaching para-aramid fiber 
sheets. The first step involved concrete face treatment, 
whereby the surface of the beams was ground down 
using a grinder. Next, a primer was applied onto the 
washed and dried surface by applying an infiltrative hard-
ening agent before attaching the fiber sheet. The final 
step involved adhering the aramid fiber sheet using epoxy 
adhesion Kim J. et al. (2012), Kim et al. (2020). After the 
completion of the fiber sheet attachment operation, the 
specimens were cured for 7 days until the flexure test was 
conducted.

To evaluate the flexural performance of reinforcement 
material, two type of para-aramid sheets (KN 206 RFL 
and KN AA070-RFL), as shown in Fig.  2, were applied 
to the bottom of beam (B2-type), the bottom-side part 
of beam (BU-type), and the bottom part of beam (LB2-
type). For B2-type of application, the para-aramid fiber 
sheet with 4.5  mm interval (KN 206 RFL) as shown in 
Fig. 3a, was attached in two layers onto the bottom part 
of beam. With the same method of applying, but instead 
of 4.5  mm interval aramid fiber sheet, 14  mm interval 
of it (KN AA070-RFL) as shown in Fig.  3b, was used 
for LB2-type of application. In the BU-type application, 
both type of fiber sheets were used. First, the fiber sheet 
with short interval was attached onto the bottom part of 

beam. After epoxy adhesion, secondly, the fiber sheet of 
long interval was attached onto the bottom part and both 
side parts of beam Lee et al. (1998).

2.3 � Test Equipment
Sixteen produced beam specimens were tested using the 
Actuator installed on the reaction wall. This machine has 
a capacity 980 kN on the frame. The beams were simply 
supported with one end hinged condition and the other 
on roller support at Architectural Engineering Labora-
tory Building of Kumoh National Institute of Technology 
as shown in Fig. 4. The test span was kept as 2260 mm. 
Two-point loads were applied transversely at 400  mm 
apart at about the center Kim W. (2011).

To measure beam deflections and cracks width, the 
specimens had multiple Linear Variable Differential 
Transducer (LVDT) mounted on the middle range of 
the beam. The load was applied from the spreader to the 
upper surface of the beam and the steel bearing plates 
were placed at the loading and support points to pre-
vent local crushing of the concrete. Measurements were 
collected through a computer-controlled data and in 
each loading step crack width was measured from time 
to time using an eye gauge with a lower resolution of 
0.01 mm. Steel strain gauge was attached at the bottom 
of the reinforcement steel. Three concrete strain gauges 
were attached in a vertical orientation at the center line 
(Fig. 5).

In total, sixteen specimens were tested, each using 
recycled aggregates and para-aramid fiber sheets, and 
their flexural characteristics were analyzed using the 
experimental data collected.

3 � Experimental results
3.1 � Crack‑Pattern and Failure Modes
During the testing process, crack development was 
carefully monitored using a crack width gauge, and the 
crack patterns were recorded on the beams at each load 

(a) KN 206 RFL sheet (b) KN AA070-RFL sheet
Fig. 2  Para-aramid fiber sheet
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increment using colored markers. The specimens were 
closely observed for any signs of premature failure. The 
crack patterns and failure modes of the specimens are 
shown in the accompanying figures. It is apparent from 
the results that the main areas for flexural and diago-
nal cracking were over the constant moment area and 
the shear span section, which is in the middle of the 
loading point and the support. The level of cracking 
and crack width varied depending on the type of para-
aramid fiber sheet application, indicating the influence 
of para-aramid fiber sheet on the flexural behavior of 
EFRCA RC beam.

3.1.1 � Evaluation of Crack Pattern Properties for non‑Fiber 
Reinforcement Specimens

The crack patterns and failure modes of five non-rein-
forced specimens are presented in the figures below 
(Fig. 6). These specimens failed due to a lack of support 
and exhibited flexural failure. The initial cracks appeared 
before reaching a load value of 17–28 kN, respectively. 
Generally, the cracks were generated vertically at the 

mid-span. As the load was further increased Guo et  al. 
(2022), small hairline cracks appeared on the beams, 
and the number of these cracks increased near the sup-
ports with the gradual increase of the load until fail-
ure occurred. Among the non-reinforced N-series 
specimens, F10R30-N showed better ductile behavior at 
a lower level of reinforcement, resulting in a more ductile 
failure mode. F16R30-N, on the other hand, had a higher 
level of reinforcement and could carry a higher load 
before reaching its peak moment carrying capacity Ortiz 
et  al. (2023). However, it still failed at a relatively low 
load level compared to specimens reinforced with para-
aramid fiber sheets. This emphasizes the need for proper 
reinforcement techniques to improve the flexural behav-
ior and overall structural performance of reinforced con-
crete beams.

3.1.2 � Evaluation of Crack Pattern Properties for B2/LB2‑type 
Fiber Reinforcement Specimens

Fig 7 shows the fracture behavior of six specimens rein-
forced with recycled coarse aggregates and B2- and 

B2-type 

LB2-type

BU-type

Aramid fiber sheet 
with 4.5 mm 

interval 

Aramid fiber sheet 
with 4.5 mm 

interval 

Aramid fiber sheet 
with 14 mm 

interval 

Aramid fiber sheet 
with 14 mm 

interval

Aramid fiber sheet 
with 4.5 mm 

interval

Aramid fiber sheet 
with 14 mm 

interval

Fig. 3  Type of RC beam according to para-aramid fiber sheet
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LB2-type of aramid fiber sheet attachment method. 
Hairline cracks were observed prior to reaching value of 
17–28 kN, respectively, which was similar to N-series of 
specimens. With further increases in load, the cracks fur-
ther widened and became more prominent. The cracks 
initially generated at mid span of the beam and initial 
lateral crack occurred at diagonal tension bar. As the 
load increased, diagonal tension bar crack progressed 
from member bottom part toward actuating point, as the 
bending crack at the center part of the beam moves on, 
the width further increased. In the case of F16R30-LB2 
specimen, initial cracks were observed prior to reaching 
a value of 28.2 kN and the failure behavior of this beam 
specimen at the peak moment capacity of 115.3 kN and 
a deflection value of 84.5 mm is shown in Fig. 7e. After 
the peak moment capacity of 115.3 kN, the beam started 
losing its capacity and load values decreased, with a sig-
nificant increase in the deformation capacity of the beam. 
Excepting the specimen of F16R30-LB2, all other B2-type 
fiber reinforcement specimens faced to tensile failure.

3.1.3 � Evaluation of Crack Pattern Properties for BU‑type 
Fiber Reinforcement Specimens

The graphical and experimental failure patterns of BU-
type aramid fiber sheet attachment series of five speci-
mens are shown in Fig. 8. In BU-series of the beams, the 
value of flexural reinforcement was considerably higher 
compared to N- and B2/LB2-series of specimens. Fig  8 
presents the graphical and experimental cracking pat-
terns of BU-type serial specimens at different ratio of 
recycled aggregates. Appearing of cracks in this type of 
specimens decreased 3–4  times comparing with other 
types of specimens. Furthermore, BU-type specimens 
showed significant increase in flexural reinforcement 
with the highest results of 117.8 kN moment capac-
ity (F16R30-BU) and 81.4  mm of ultimate displacement 
(F10R30-BU) in this experimental study. In the case of 
BU-series of specimens, diagonal hairline crack forms 
were spotted near the loading points of specimens. It can 
be clearly seen that bridging effect of the BU-type fiber 
reinforcement beams was more effective than type of 

Fig. 4  Test set-up

Fig. 5  Strain gauges setting up
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Fig. 6  Schematics of sequential crack patterns of non-fiber reinforcement specimens (N-series)
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Fig. 7  Schematics of sequential crack patterns of B2/LB2-type fiber reinforcement specimens (B2/LB2-series)
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Fig. 8  Schematics of sequential crack patterns of BU-type fiber reinforcement specimens (BU-series)
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specimens. The influence of the external strengthening 
type of BU-series was found to be significant. It can be 
clearly seen that the cracks are retarded by the presence 
of BU-type of fiber sheet reinforcement comparing the 
crack patterns of BU-series and other series of RC beams.

3.2 � Flexural Test Results
In this study, the flexural strength of sixteen RC beams 
was found to be various due to the para-aramid fiber 
sheet attachment method. Among the N-series speci-
mens, beam F10R30-N exhibited better ductile behav-
ior than the others at the peak displacement level of 
80.6  mm. The F10R30-N specimen had a lower level of 
reinforcement compared to the other specimens. This 
lower level of reinforcement may have resulted in a more 
ductile failure mode Bai and Sun, (2010), Kim and Kwak, 
(2015). On the other hand, specimen F16R30-N exhibited 
failure behavior at the peak moment carrying capacity of 
a 111.5 kN load (Table 8). The F16R30-N specimen had 
a higher level of reinforcement compared to the other 
non-reinforced specimens, as it contained a larger tensile 
rebar, F16. The increased level of reinforcement allowed 
the specimen to carry a higher load before reaching its 
peak moment carrying capacity Sato et  al. (2007), Yang 
and Jeong (2016). However, despite having a higher peak 
moment carrying capacity, the specimen still failed at 
a relatively low load level compared to the specimens 
reinforced with para-aramid fiber sheets. This high-
lights the importance of using appropriate reinforcement 
techniques to enhance the flexural behavior and overall 

structural performance of reinforced concrete beams Yoo 
et al. (2020).

Also, F16R30-LB2 specimen showed almost the same 
first crack load in 28.2 kN comparing to the reference 
control beam F16R30-N specimen. Otherwise, EFRCA 
reinforcement concrete beams reinforced with para-
aramid fiber sheet in the bottom and two sides provided 
an effective enhancement with an improvement of initial 
crack load capacity.

The BU-type attachment method of para-aramid fiber 
sheet for strengthening reinforced concrete beams was 
found to be very efficient based on the experimental 
results. The enhancement mechanism or action mecha-
nism of this type is related to the even distribution of 
load across the surface of the concrete beam. During the 
application of the BU-type aramid fiber sheet attachment 
method, the adhesive material is evenly spread over the 
surface of the beam. This leads to a more uniform dis-
tribution of the load on the surface of the beam, which 
results in a reduction in the number of cracks compared 
to other types of reinforcement methods. Moreover, the 
BU-type attachment method provides a more effective 
bonding between the aramid fiber sheet and the concrete 
surface, resulting in a higher resistance to cracking and 
a more efficient transfer of stress Saleem et  al. (2019). 
The evenly distributed load, combined with the high 
bonding strength, provides an improved load-carrying 
capacity and a better flexural behavior of the reinforced 
concrete beams. Therefore, it can be concluded that the 
BU-type attachment method is the most effective way for 

Table 8  Test results and failure mode flexural beam specimen

Specimen Initial cracking load 
(kN)

Peak load (kN) Rate of increase and 
decrease (%)

Ultimate displacement 
(mm)

Failure mode

F10R30-N 21 56 – 80.6 Flexural

F10R30-B2 22 58.7 4.8 66.1 Tensile

F10R30-BU 37.4 69.4 23.9 81.4 Flexural

F13R30-N 28.7 79 – 69.8 Flexural

F13R30-B2 26.8 75.6 − 4.4 54.5 Tensile

F13R30-BU 40.9 81.5 3.1 67.4 Flexural

F16R0-N 17.3 108.2 – 54.9 Flexural

F16R0-B2 17.6 108.4 0.3 44.1 Tensile

F16R0-BU 21.1 115.4 6.7 73.2 Flexural

F16R30-N 27.4 111.5 – 69.5 Flexural

F16R30-B2 28.5 108.5 − 2.7 40.6 Tensile

F16R30-BU 34.9 117.8 5.7 68.9 Flexural

F16R30-LB2 28.2 115.3 3.4 84.5 Flexural

F16R50-N 26.8 108.8 – 48.1 Flexural

F16R50-B2 26.1 112.7 3.6 68 Tensile

F16R50-BU 29.2 112.3 3.2 42.6 Flexural
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strengthening reinforced concrete beams due to its ability 
to evenly distribute the load and provide a strong bond 
between the aramid fiber sheet and the concrete surface.

The flexural test results revealed that the aramid fiber 
sheet used for the reinforcement of the B2-series speci-
mens, as depicted in Fig.  2a, exhibited a behavior that 
could not be sustained beyond a certain load. Tensile fail-
ure mode occurred by being broken of aramid fiber sheet. 
It was confirmed that there is little strength enhancing 
effect compared to the test specimens without fiber rein-
forcement (Fig. 9).

In the case of BU-series specimens, the sheet used for 
reinforcing LB2-series specimens (Fig.  2b) was applied 
one layer to bottom and side section. Consequently, it 
was confirmed that the flexural strength was improved 
by increasing the load rate of 3.1% to 23.9% as shown in 
Table  8. In addition, it could be seen that the strength-
improving effect was more pronounced in the speci-
mens with a lower tensile reinforcing ratio among the 
reinforced specimens and showed more ductile behavior 
Qureshi (2022), Lu et al. (2021).

Fig. 9  The ultimate load of test specimens

Fig. 10  Ductility of test specimens
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For LB2-serie of specimen, the sheet used for the BU-
series test specimens was reinforced in two layers only 
at bottom side. Comparing with other specimens, the 
ultimate strength load was almost similar to that of the 
BU-series of specimens. On the other hand, the ductil-
ity of LB2-series of specimens showed an increase by 
22.5% (Fig. 10). Bonding effect between para-aramid fiber 

sheets and concrete beams influenced effectively on flex-
ural strengthening of the specimens through the experi-
mental works in this study. In addition, the specimens 
strengthened by attaching fiber sheets to the bottom and 
sides demonstrated fewer crack patterns due to bridg-
ing effect of para-aramid fiber sheets Choi et  al. (2011) 
(Table 9).

Table 9  A comparison of test results with existing structural analysis methods

Specimens Mn, exp (kN*m) Mn, El-Mihilmy (kN*m) Mn, ACI 440.2R-08 (kN*m) Mn, exp /Mn, El-Mihilmy Mn, exp /Mn, 

ACI 440.2R-08

This Study

 F10R30-N 26 15.9 15.9 1.6 1.6

 F10R30-B2 27.3 48.2 39.3 0.6 0.7

 F10R30-BU 32.3 49.3 40 0.6 0.8

 F13R30-N 36.7 27.6 27.6 1.3 1.3

 F13R30-B2 35.1 58.5 48.4 0.6 0.7

 F13R30-BU 37.9 59.6 49.1 0.6 0.8

 F16R0-N 50.3 42.3 42.3 1.2 1.2

 F16R0-B2 50.4 71.1 59.4 0.7 0.8

 F16R0-BU 53.7 72.2 59.9 0.7 0.9

 F16R30-N 51.8 42.3 42.3 1.2 1.2

 F16R30-B2 50.4 71.1 59.4 0.7 0.8

 F16R30-BU 54.8 72.2 59.9 0.8 0.9

 F16R30-LB2 53.6 73.3 60.4 0.7 0.9

 F16R50-N 50.6 42.3 42.3 1.2 1.2

 F16R50-B2 52.4 71.1 59.4 0.7 0.9

 F16R50-BU 52.2 72.2 59.9 0.7 0.9

 Average 0.9 0.9

 Standard deviation 0.3 0.2

W.S. Kim et al. (2014)

 R0-13-N 34 30.2 31.9 1.1 1.1

 R15-13-N 32.9 30.1 31.8 1.1 1

 R30-13-N 31.2 29.9 31.8 1 1

 R50-13-N 29.4 29.7 31.7 0.9 0.9

 R15-13-S 43.1 30.1 42 1.4 1

 R30-13-S 41.7 37 41.3 1.1 1

 R50-13-S 37.9 36.2 40.5 1.1 0.9

 R30-16-S 54.1 45.6 51.6 1.2 1.1

 Average 1.1 1

 Standard deviation 0.1 0.05

Attari et al. (2012)

 PA1 20.2 22.8 18.5 0.9 1.1

 PA2 21.9 25.5 20.2 0.9 1.1

 PA3 18.9 21.7 17.8 0.9 1.1

 PB4 18.1 36.8 26.1 0.5 0.7

 PB5 17.2 27.2 21.1 0.6 0.8

 Average 0.7 0.9

 Standard deviation 0.3 0.3
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Figures illustrate that flexural capacity of RC beams 
without fiber reinforcement showed a decreasing pro-
gress when environmental-friendly recycled coarse 
aggregates replaced natural aggregates with ratio of 0%, 
30% and 50% in concrete mix proportion. As a result, 
there was a decline in structural performance of the 
beams Malešev et  al. (2010), McNeil et  al. (2013). So, 
para-aramid fiber sheet reinforcement method was 
used to fix the loss in structural performance. Con-
sequently, externally bonded FRP systems caused to 
strengthen the flexural characteristics of RC beams 
Yagar et  al. (2022). Considering the measurements 
above, the effect of para-aramid fiber sheet reinforce-
ment in EFRCA RC beams for flexural strength was 
effective through the experimental works in this study.

3.3 � Verification and Comparison with Existing Structural 
Analysis Methods

According to ACI 440.2R-08., (2008) the nominal flex-
ural strength in concrete beams with para-aramid FRP 
external reinforcement is computed using:

where ψf is the reduction factor for FRP, c is the depth 
of concrete on compressive block; Af is the cross section 
areas of FRP reinforcement; As are the cross section areas 
of tension rebar (Fig. 11).

Additionally, the method of Mahmoud T. El-Mihilmy 
addresses the flexural evaluations of reinforced concrete 

(1)Mn = Asfy(d−) + ψf Af ff (h
β1c

2
)

beams reinforced with externally bonded FRP Kim et al. 
2014). A numerical method has been developed for the 
computation of the bending moment capacity of concrete 
beams with FRP reinforcement and the flexural failure 
mode predictions. The nominal flexural strength of the 
section with para-aramid FRP external reinforcement by 
El-Mihilmy is

where a is a depth of the equivalent rectangular concrete 
stress block; d is a depth to the centroid of the reinforcing 
steel As; df is a depth to the centroid of the FRP force; fy is 
a yield strength of the reinforcing steel (Fig. 11).

To verify the results of the section analysis procedure, 
a comparison between the nominal flexural strength of 
the section with para-aramid FRP external reinforcement 
obtained experimentally, by the method of Mahmoud 
T. El-Mihilmy and Guide for the Design and Construc-
tion of Externally Bonded FRP Systems for Strengthen-
ing Concrete Structures reported by ACI Committee 440 
(ACI 440.2R-08) ACI 440.2R-08., (2008), is presented. 
Table  5.2 summarizes the results of the comparison. 
From this Table, there is significant differences between 
the analytical calculations of the nominal flexural 
strength of the section with FRP external reinforcement 
obtained by the method of Mahmoud T. El-Mihilmy 
and ACI 440.2R-08. Predictions of the nominal flexural 
strength of the section externally reinforced with FRP by 
the method of Mahmoud T. El-Mihilmy showed higher 

(2)Mn = Asfy(d−) + Af ff (df
a

2
)

Fig. 11  The cross section and stress–strain diagram of beam
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results than that of Guide for the Design and Construc-
tion of Externally Bonded FRP Systems for Strengthen-
ing Concrete Structures reported by ACI Committee 
440. A difference between the results of these two struc-
tural analysis methods increased gradually as the tensile 
rebar size of specimens increased. When the experimen-
tal results were compared with the analytical predictions 
of the nominal flexural strength of the section with FRP 
external reinforcement, the measurements of the experi-
mental study presented lower flexural characteristics. 
An average ratio between the test results and analytical 
predictions by the method of Mahmoud T. El- Mihilmy is 
0.88. This ratio increases to 0.98 if to compare the experi-
mental results with the results from the equation of ACI 
440.2R-08. Among the experimental results, the nominal 
flexural strength of all specimens without para-aramid 
fiber sheet reinforcement showed higher flexural capacity 
than that of both analytical methods.

Fig.  12 shows the difference between some foreign 
and domestic experimental results on FRP reinforce-
ment of RC beam comparing with this Research. A pro-
portion of the nominal flexural strength of the section 
externally reinforced with FRP obtained experimentally 
and analytically, was taken to compare the difference 
of these studies. According to N. Attari et  al. (2012), 
the use of a twin layer Glass-Carbon fibers composite 
material for strengthening reinforced concrete beams 

was very efficient. In the case of W.S. Kim et al. (2014), 
due to the high tensile strength of carbon fiber compos-
ite material significantly positive experimental results 
were obtained. From the Figure, it could be seen that 
the experimental specimen reinforced with Carbon 
Fiber Reinforcement Polymer from W.S. Kim et  al. 
(2014) and the concrete beam strengthened with 2 lay-
ers of hybrid bidirectional glass-carbon Hybrid Fiber 
Reinforcement Polymer from N. Attari et al. (2012) pre-
sented the highest results when experimental results 
were higher than analytical calculations of the nominal 
flexural strength of the section externally reinforced 
with FRP. According to W.S. Kim et al. (2014), the most 
of all CRFP RC beams showed higher results than the 
expectations calculated by the method of Mahmoud T. 
El-Mihilmy and Guide for the Design and Construction 
of Externally Bonded FRP Systems for Strengthening 
Concrete Structures reported by ACI Committee 440 
(ACI 440.2R-08).

4 � Conclusions
Based on experimental observations and analysis results, 
the following conclusions were drawn:

(1)	 The BU-series specimens had fewer and narrower 
cracks before failure, indicating that the BU-type 

Fig. 12  A comparison between different experimental results of FRP strengthening (AFRP Aramid Fiber Reinforcement Polymer, CFRP Carbon Fiber 
Reinforcement Polymer Yang et al. (2007), GFRP Glass Fiber Reinforcement Polymer, HFRP Glass-Carbon Hybrid Fiber Reinforcement Polymer Wang 
and Zhou, (2018), B-type bottom part application, U-type bottom and side part application)
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aramid fiber sheet attachment method delivered 
loads more evenly.

(2)	 The BU-type attachment method for para-aramid 
fiber sheets is highly effective in strengthening rein-
forced concrete beams, with the 30% EFCRA ratio 
producing the best results.

(3)	 The F16R30-LB2 specimen showed the highest 
ductility when the type of aramid fiber sheet was 
changed from 4.5 mm interval to 14 mm interval.

(4)	 For N- and B2/LB2-series specimens, increas-
ing the ratio of recycled aggregates improved flex-
ural strength but decreased ductility. However, for 
BU-type reinforced specimens, flexural strength 
decreased as the ratio of recycled coarse aggregates 
increased.

(5)	 The F10R30-BU and F16R30-BU specimens had the 
highest ultimate loads, indicating the reinforcing 
effects of aramid fiber sheets.

(6)	 The nominal flexural strength of para-aramid FRP 
external reinforcement was lower than analytical 
predictions, but the ductile capacity of specimens 
showed that the reinforcement was effective for 
flexural strength in EFRCA RC beams.
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